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ABSTRACT 
Salmonella typhimurium can grow in both aerobic and anaerobic conditions by 
switching its energy generation modes from aerobic respiratory pathway, anaerobic 
respiratory pathway and fermentative pathway. Accordingly, a set of genes will be 
coordinately expressed or derepressed. A global regulatory network system was 
identified to synchronize the expression or derepression of genes. One of the 
identified modulon is the ArcB-ArcA two component sensor regulator system, where 
ArcB is a transmembrane sensor to sense for anoxia and then activate ArcA for 
repression of a number of aerobic enzymes in tricarboxylic acid cycle, glyoxylate 
shunt, fatty acid degradation, cytochrome o oxidase complex and dehydrogenase. 
The name Arc stands for its function on aerobic respiratory control. 
ArcA (dye/msp/fex/sfrA/cpxC) was mapped at minutes 0 in Escherichia coli and 
an 1.4 kb fragment encompassing coding sequence of Arc protein and 100 bp 
upstream non-coding region was cloned. The regulatory mechanism of the ArcB-
ArcA system in Escherichia coli has been intensively studied. However, the 
regulatory mechanism on arcA itself is still unclear. In this thesis, I am interested 
in the regulatory mechanism on arcA gene expression of Salmonella typhimurium. 
A 0.56 kb arcA gene with 427 base pairs of non-coding region from Salmonella 
typhimurium LT2 which was cloned into promoterless pFZYl as recombinant plasmid 
pFS34 was used in this thesis for the studies of regulation of arcA expression. 
II 
Expression of arcA in pFS34 was induced 8-fold in anaerobiosis. Two 
distinct anaerobic and aerobic transcriptional start points at position +1 and -95 
respectively were located by primer extension. Examination of putative sigma(a) 
factor recognition sites revealed that arcA promoter was sigma 70 dependent. The 
putative -10 regions were homologous to the consensus, but the putative -35 regions 
were only 50% homologous to -35 consensus. In vitro chemical mutagenesis was 
used to find out important regulatory elements. One single point promoter mutant 
clone, no. 221, changed a putative Fnr binding site away from consensus, coincided 
with the aerobic transcriptional start site and increased aerobic transcription by 4-fold. 
Another clone, no. 483，had a mutation at the putative anaerobic -10 region and 
reduced anaerobic expression to 30%. One double-point mutant clone, no. 115, had 
a base change at the putative IHF core sequence away from consensus decrease 
anaerobic activity for 40%. 
Several putative regulatory elements, anaerobic sense element (ASE), Fnr 
consensus, integration host factor (IHF) binding sites and HNS binding region were 
recognized in pFS34. The putative core IHF consensus in pFS34 was 92% identical 
to the core IHF consensus and effect of IHF on pFS34 was studied with himA and 
himD mutants. The aerobic expression of pFS34 was unaffected by IHF mutations. 
However, anaerobic expression of pFS34 was derepressed by himA and himD 
mutations. Autoregulation of the expression of pFS34 was studied with the E. coli 
arcA mutant. Anaerobic expression of pFS34 was unaffected by arcA mutation. It 
is likely that an upstream autoregulatory element was excluded in pFS34. A sequence 
further upstream of Salmonella typhimurium arcA promoter clone, AU87, was 
obtained by PGR genomic walking. Anaerobic activity of AU87 strikingly decreased 
as compared with pFS34. Perhaps a upstream autoregulatory element, which was 
excluded in pFS34, present in the AU87. 
The occurrence of two distinct transcriptional start points of pFS34 suggests 
that selective regulatory mechanisms operate in response to oxygen. Having a poorly 
homologous -35 region implies that other regulatory elements, for instance, Fnr, IHF 
or HNS are needed to enhance the function of the -35 region to initiate transcription. 
A model of aerobic and anaerobic expressions, involving remote activations are 
prosposed. 
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In the project, I am interested in the mechanism of the transcriptional 
activation of Salmonella typhimurium arcA gene, arcA encodes a protein which is one 
of the important global regulators in the regulatory network of anaerobiosis. The 
two-component sensor-regulator arcB-arcA system was responsible for aerobic 
respiratory control during anaerobic shift. The following review would discuss the 
overall picture of regulatory network for respiratory control and focused on the status 
of arcA-arcB system in this regulatory network. We targeted on the unknown 
regulatory mechanism of arcA gene expression with the ambition of sorting out the 
puzzle of the regulatory network of anaerobiosis. 
1.1 Modes of energy generation in facultative bacteria 
Salmonella typhimurium, a facultative bacteria, could grow well in both 
aerobic and anaerobic condition because it is capable of switching energy generation 
modes among aerobic respiratory pathway, anaerobic respiratory pathway and 
fermentative pathway. The bacteria will adapt itself to the most energetic favourable 
pathway with respect to the environmental conditions such as availability of oxygen, 
other electron acceptors, presence of non-fermentable or fermentable carbon source. 
. Page 1 
l . l . l Difference in energy generation mechanism between respiratory and 
fermentative pathways. 
Respiratory and fermentative pathways differed in both energy generating 
mechanism and carbon metabolism. Respiratory pathways are more energetically 
favourable than fermentative pathway as more energy can be driven from proton 
motive force generated by proton translocating electron transport system while in 
fermentation, substrate level phosphorylation is the main source for ATP (Enrich and 
Gains, 1987; Guest et al., 1990) (Fig. 1.1.1a). In a simple sequence of 
dehydrogenase-quinone-oxidoreductase electron transport chain, aerobic respiration 
use cytochrome o oxidase, which has low oxygen affinity (K^ = 1.4 to 2.9 u) and 
great velocity, in oxygen-rich condition to pass electron to O2 as final electron 
acceptor. If oxygen become limiting, a higher oxygen affinity = 0.23 to 0.38 
u) cytochrome d oxidase will be used for scavenging residual oxygen (Gunsalus, 
1992). In anaerobic condition where O2 is not available, different electron acceptors 
such as nitrate, nitrite, trimethylamine-N-oxide (TMAO), dimethyl sulfoxide (DMSO) 
and fumarate associated with their specific oxidoreductases can be used as alternative 
electron sink for electron transport system (Stewart, 1988; Lin & luchi, 1991) (Fig. 
1.1.1b). The most energetic rewarding electron acceptors in the order of oxygen (E。， 
=+0.82V), nitrate (E。. = +0.42 V), TMAO (E。, 二 +0.13 V) and fumarate (£。,= 
+0.03) will be chosen accordingly (luchi and Lin, 1988; Gunsalus, 1992) (Table 
1.1.1a). 
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Figure 1.1.1a. Proton translocating electron transport system. (Anraku & Gennis， 
1987) 
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Table 1.1.1a. Preferential use of electron acceptors in electron transport chain of 
E, coli, (Gunsalus, 1992). 
Elcctroir- TcnmnaJ: respiratory Ot^eroii Chromosomal 
acceptor (kJ/mol) enzyme upero location (min) 
O2 —233 Cytochrome s oxidase cyoABCDK 10 
O2 —233 C^ocfarome d oxidase cydAB 17 
NO3- —144 Nitrate reductase narGHJI 27 
NO3- -1林.Nitrate-reductase. narZYWV 33 
DMSO -92 DMSO/TMAO dmsABC 20 
reductase 
TMAO -87 TMAO reductase torA 28 
Fumarate —67 Fumarate reductase frdABCD 94 
« Free energy calculated by using NADH as an eiectroir donor to the 
indicated electron acceptor. 
. Page 5 
1.1.2 Difference in carbon metabolism during anaerobiosis 
Besides difference in energy generation mechanism, carbon metabolism 
especially the citric acid cycle changed significantly during anaerobiosis. During 
anaerobiosis, a cyclic citric acid cycle transformed to a non-cyclic one mainly due to 
severe repression of 2-oxoglutarate dehydrogenase complex (ODHC) and replacement 
of succinate dehydrogenase (SDH) with fumarate reductase (FRD) (Guest et al, 
1990; Sprio and Guest, 1991) (Fig. 1.1.2a). As shown in Figure 1.1.2a, in the 
absence of 2-oxoglutarate dehydrogenase complex (ODHC), the cyclic oxidative route 
can be proceeded. Instead, an alternative reductive route of TCA cycle, consisting 
of oxaloacetate-glutamine transaminase (AOT), aspartase (ASPA), and fumarate 
reductase (FRD) are activated to produce succinate. Simultaneously, the normal 
enzymes in aerobic TCA cycle, for instance, malate dehydrogenase (MDH), succinate 
dehydrogenase (SDH) and aerobic fumarate hydratase (FUMA) are repressed during 
anaerobic growth. On the other hand, anaerobiosis also inhibit formation of pyruvate 
dehydrogenase complex (PHDC), whose role will be replaced by pyruvate formate 
lyase (PFL), leading to mixed acid fermentative pathway. If all alternative electron 
acceptors are absent, the carbon metabolic pathway will totally divert from the 
respiratory to the fermentative branch in order to oxidize NADH generated in 
glycolysis by internal redox substrate balance in the fermentative pathway. The 
central enzyme, PFL, converts pyruvate to acetyl-coenzyme A and formate. Pyruvate 
is converted to lactate by fermentative lactate dehydrogenase (LDHA) in high 
• pyruvate concentration (Clark, 1989). Acetyl-coenzyme A is further metabolized by 
acetaldehyde dehydrogenase (ACDH) and alcohol dehydrogenase (ADH) to form 
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Figure 1.1.2a. Central pathways of carbon metabolism under (a) aerobic and (b) 
anaerobic conditions. The major and minor routes are donated by the relative 
thichness of the arrows (Guest et al” 1990) 
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ethanol. About half of acetyl coenzyme A is catalyse by phosphotransacetylase (PTA) 
and acetate kinase (ACK) to produce acetate. 
1.2 Repression and derepression of genes during anaerobiosis 
Switching between different metabolic modes in fact involves the repression 
and derepression of many enzymes in each pathway (Chuang et al” 1993). Changes 
in the patterns of protein biosynthesis bas been analysed by two-dimensional 
polyacryalmide gel electrophoresis. About 18 polypeptides are induced in E. coli. 
grown anaerobically (Smith and Neidhardt, 1983). Similarly, k was demonstrated 
that there are 30 anaerobically-inducible proteins in Salmonella (Spector, 1986). With 
the use of random gene fusion technique, it was estimated that at least 47 genes were 
induced by oxygen limitation (Clark, 1984). 
1.3 Global regulatory network for respiratory control 
For the large scale on-set of numerous genes transcription, there must be a 
global regulatory system to synchronize their expression and repression in a effective 
way. Several global regulatory systems have been identified in respiratory control, 
including ^ r modulon, mrL modulon, crp modulon and arcA modulon. Modulon 
refers to a set of regulons or operons under the control of a common, pleiotropic 
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Figure 1.3a Target operons offtir modulon, narL modulon, crp modulon and arcA modulon 
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regulatory protein (luchi and Lin, 1988). The target operons for each modulon are 
summarized in Fig. 1.3a. 
1.3.1 Fnr-regulated gene expression 
Fnr was first discovered to be important for fumarate and nitrate reduction in 
bacterial cells (Lamden and Guest, 1976; reviewed by Spiro and Guest, 1990). 
Subsequent studies showed that the FNR protein is activated anaerobically (Spiro and 
Guest, 1990) and functions as a transcriptional activators for many anaerobic 
terminal reductases operons, for instance, frdABCD (Jones and Gunsalus, 1987), 
narGHJl (Stewart, 1982; Li and DeMoss, 1988)，nirB (Jayaraman et al” 1989)， 
dmsABC (Cotter and Gunsalus, 1989) and cydAB operons (Cotter et aL, 1990; Fu et 
al, 1991). Moreover, it also activates for those anaerobic primary dehydrogenase 
operons, such as glpACB operon (Kuritzkes et al” 1984; luchi et al” 1990). Other 
anaerobic inducible enzymes are also 内/"-activated，such as fumarase, asparaginase 
n and aspartase function in the reductive branch of non-cyclic citric acid cycle 
(Woods and Guest, 1987; Jerlstrom et al” 1987) and pyruvate formate lyase, which 
is a key enzyme for fermentative pathway (Sauter and Sawers, 1990; Wong et al” 
1989). Therefore, Fnr is in general considered to be an activator for anaerobic 
enzymes. However, besides activation, Fnr represses aerobically expressed operons 
including those encode NADH dehydrogenase (Spiro et al” 1989) and cytochrome 
o oxidase (Cotter et al” 1990). 
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1.3.2 NarL-regulated gene expression 
The NarL modulon is important for the preferential use of nitrate over 
fumarate or other anaerobic electron acceptors in anaerobic respiration based on an 
energetically rewarding manner. The regulators of NarL modulon includes at least 
three proteins, NarX, NarL and NarQ, working in concert as two-component sensor 
regulator systems (Stewart et al.’ 1989; Gunsalus, 1989; Stock et al., 1989). NarQ 
and NarX are independent sensors for detecting nitrate availability (Chiang et aL, 
1992; Egan and Stewart, 1990; Kalman and Gunsalus, 1990)，and NarL (Kalman and 
Gunsalus, 1988; 1989) is the transcriptional activator of narGHJI and fdnGHI operons 
(luchi and Lin, 1987; Li and Stewart, 1992). The two activated enzymes, nitrate 
reductase and formate dehydrogenase-N are components of anaerobic respiratory 
chain that couples the oxidation of formate to the reduction of nitrate (Stewart, 1988). 
On the other hand, the presence of nitrate simultaneously represses fumarate 
reductase, TMAO reductase and DMSO reductase operons and thus ensures an 
effective use of nitrate and prevent wasteful expression of other alternative 
oxidoreductase. By the way, it should be noted that the operons under NarL modulon 
control may also be members of Fnr modulon (Fig. 1.3a) 
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1.3.3 CRP-regulated gene expression 
A typical model of CRP modulon depended on a cAMP-CRP (cylic AMP-
CAMP receptor protein) complex that acts as a transcriptional activator or repressor 
(reviewed by Botsford & Harman, 1992). The dimeric CRP protein, encoded by crp 
gene, was allosterically activated by cAMP binding. cAMP is catalysed by adenylate 
cyclase that is encoded by cya, cAMP concentration varies in different culture 
condition. The well-known catabolic repression is due to the lowering of cAMP in 
the presence of glucose as carbon source. More cAMP may be produced by cells 
grows anaerobically than by those grows aerobically (Unden & Duchene, 1987). 
Although cAMP-CRP mediated regulation is a classical model for the action of the 
crp modulon, its role in respiratory control is questionable since CRP-cAMP-glucose 
independent regulation was found. The operons under crp control include those for 
aerobic enzyme, anaerobic enzymes and also fermentative enzymes. Aerobic 
enzymes, such as succinate dehydrogenase (encoded by sdhCDAB) and cytochrome 
reductase (encoded by cyoABCDE) are repressed by glucose and relieved by addition 
of cAMP (luchi and Lin, 1988; luchi et al” 1990a). The anaerobic inducible 
enzymes, L-asparaginase H and glycerol-3-phosphate dehydrogenase are CRP-cAMP 
dependent ( Jerlstrom et al” 1987; Unden and Duchene, 1987). However, the 
glucose repression of another anaerobic oxidoreductases operon (dmsABC) is 
unrelated to exogenous cAMP concentration, indicating that CRP-cAMP-mediated 
catabolite repression is not involved (Cotter and Gunsalus, 1989). Fermentative 
enzymes, such as alcohol dehydrogenase also exhibites glucose dependent, but 
exogenous cAMP independent regulation (Reams and Clark, 1988). This contrasts 
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to the fermentative hydrogenase and pyruvate formate lyase whose activities decreased 
by cya or crp mutations (Botsford & Harman，1992; Wong et al, 1989). 
1.3.4 ArcA-regulated gene expression 
The modulons discussed above exhibit positive control on relevant anaerobic 
enzymes in anaerobic respiration. Here I describe the arcA modulon which was a 
second level of aerobic-anaerobic global control, by repressing most aerobic enzymes 
in anaerobic condition. The arcA control was first identified by screening mutants 
that was defective in normal anaerobic repression of sdh gene, (encodes succinate 
dehydrogenase) in citric acid cycle (luchi and Lin, 1988). Further analysis revealed 
that the arcA mutation is pleiotropic that various aerobically expressed enzymes of 
citric acid cycles, glyoxylate shunt, fatty acid degradative pathway, the aerobic 
respiratory chain (cytochrome o oxidase) and several dehydrogenases (aerobic 
glycerol 3-phosphate dehydrogenase, L-lactate dehydrogenase and D-amino acid 
dehydrogenase) are derepressed in anaerobic condition. On the other hand, the 
enzymes that participate in anaerobic respiration, for instance, reductases of nitrate, 
fumarate and TMAO, and fermentation unaffect by the arcA mutation (luchi & Lin， 
1988; Guest et “1” 1990). Beside repression, cytochrome d oxidase encoded by 
cydAB operon is activated by ArcA and FNR in microanaerobic condition (Fu et al” 
1991). The regulation by ArcA (stand for aerobic respiratory control) is paired with 
the unlinked ArcB protein in two-component sensor responser system. ArcB is a 
transmembrane sensor protein and arcA encodes a regulator protein in anaerobic 
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condition (luchi et al., 1989a; 1989b; luchi et al, 1990c; luchi and Lin, 1992a). 
1.3.5 Overlapping control of gene expression 
Some of the genes expressions are not under control of discrete regulator. A 
highly organized network of overlapping regulatory elements presents for maximizing 
genes expression under optimum condition or preventing wasteful gene expression 
(Fig. 1.3.5a). The overlapping control of NarL modulon and Fnr modulon 
suppresses alternative oxidoreductase other than cytochrome oxidase in aerobic 
condition, but allows preferred nitrate oxidoreductase expression in the presence of 
nitrate (Gunsalus, 1992). The preferential uses of electron acceptors is also achieved 
by dual control of ArcA and Fnr on cytochrome o oxidase and cytochrome d oxidase. 
The anaerobically active ArcA and Fnr act as repressor to repress cytochrome o 
oxidase when oxygen becomes deficient. On the other hand, they act as activators 
for cytochrome d oxidase and works in concert to facilitate expression of cytochrome 
d oxidase in microanaerobic condition for scavenging 02 (Fu et al” 1991; luhci and 
Lin, 1991). In some cases, CRP modulon also interfere with ArcA and Fnr control, 
for instance, aspartase, aspargainase and glycerol-3-dehydrogenase are under positive 
control of both CRP and Fnr. This arrangement is to prevent oxidation of other 
carbon sources or amino acid sources in the presence of preferred carbon source but 
facilitated dehydrogenase or aspartase expression to provide electron acceptors (e.g. 
dehydrogenase and fumarate) in anaerobic conditions (Guest et al., 1990). On the 
other hand, overlapping regulation are also found in other physiologically related 
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Figure 1.3.5a. Overlapping of modulons (Luchi & Lin, 1991) 
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modulon, such as the expression of sodA, which is controlled by soxR and fur 
modulons, are inhibited by ArcA under anaerobic conditions when protection against 
O2 stress becomes unnecessary (luchi and Lin, 1991). 
1.3.6 Regulatory mechanism of respiratory control 
The enzymes in respiratory system were coordinately regulate by several 
identified global regulatory system, NarL-NarX, CRP, Fnr, and ArcA-ArcB system 
in response to nitrate, cAMP level, and anaerobiosis respectively. So far, regulatory 
mechanism and sensing mechanism are not fully understood. All genes under 
investigation are activated or repressed at the transcriptional level and this would be 
achieved by DNA site specific binding of transcriptional regulator. In the Fnr 
regulatory system, Fnr itself is suggested to be the site-specific binding protein which 
binds specifically at a core consensus sequence, TTGAT-N4-ATCCA, usually locates 
approximately 42 bp upstream from transcriptional initiation sites of most fnr-
regulated operons (reviewed by Spiro and Guest, 1990). No consensus binding site 
for NarL binding is confirmed in NarL-modulon. However, from the relatively 
intensive study of NarL regulated nar operon, a critical region TACTCC located -193 
upstream region was suggested to be the NarL binding site (Dong et al” 1992). A 
similar sequence located -110 upstream oifdn operons was also found to be important 
for nitrate regulation (Li and Stewart, 1992). On the other hand, analysis of ArcA 
regulated genes revealed no highly conserved sequence for ArcA binding, whether 
ArcA is a site-specific binding regulator or exerted its regulatory activity by other 
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means still needs to be investigated (Guest et al., 1990). In the CRP modulon 
(reviewed by Botsford and Harman, 1992), some genes are sensitive to both glucose 
and cAMP or cya and crp mutations (i.e. CRP-cAMP complex mediated catabolic 
repression dependent operon). Others are glucose dependent, but not cAMP 
, dependent. Some other genes which only responded to either cAMP level or CRP 
level are also found. Therefore, it is unclear whether the cAMP-CRP regulatory 
complex binding on consensus binding site (TGTGA-N^-TCACA) is the sole 
mechanism or some other CRP dependent or cAMP dependent regulator operate in 
CRP modulon in different cases (Botsford and Harman, 1992)。 
The regulatory ability of a transcriptional regulator is unlikely to be 
concentration dependent at least in Fnr or NarL-NarX system since no obvious change 
in the concentration of the regulators were observed. The study of the fnr-lacZ 
showed \h3Xfnr expressions in aerobic and anaerobic condition are about the same and 
even slightly autoregulate in anaerobic condition (Pascal et al., 1986). The Fnr 
protein concentration is estimated to vary from 2500 monomers per cell and 1600 
monomers per cell in aerobically grown cell and anaerobically grown cells 
respectively (Gunsalus, 1992). Similarly, NarL and NarX concentrations are not 
greatly induced by nitrate. Their expression are only about two to three fold higher 
in nitrate containing medium (Egan and Stewart, 1990). The constant amount of 
regulators under all growth conditions implied that regulatory ability of regulators is 
not concentration dependent. Inactive regulator are usually transformed to their 
functional active state in response to a cellular signal. 
> 
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The mechanism for activating the regulator is unclear, but two models are 
widely accepted. The deduced sequence of NarX-NarQ-NarL proteins (Stewart et al.， 
1989; Gunsalus et al., 1989; Chiang et al., 1992) and ArcB-ArcA proteins (Drury 
and Buxton, 1985; luchi et aL, 1990c; luchi and Lin, 1992a; luchi and Lin, 1992b), 
indicate that both belong to two-component sensor regulator system (review in Stock 
et al, 1989). NarX and ArcB contained conserved histidine sensor domain, which 
undergoes phosphorylation upon sensing cellular signal related to nitrate and oxygen 
respectively. The phosphorylated senors, NarX and ArcB, then transfer their 
phosphate groups to the conserved aspartate domains of NarL and ArcA regulators. 
Upon phosphorylation, the regulators become activated for regulatory functions. On 
the other hand, sensor for Fnr or conserved domains of sensor regulator elements are 
recognised in Fnr. Instead, the homology between Fnr protein and CAP in a DNA 
binding domain with the helix-tum-helix motif and a nucleotide binding domain at the 
N-terminal suggests that they may have similar activation mechanisms (Shaw et al., 
1983). However, the cAMP mediated activation does not seem to function in FNR 
and the cAMP binding domain is not retained in FNR (Spiro and Guest, 1990). 
Another hint to deduces the FNR action is was from the key difference between Fnr 
and CRP that fnr contains extra cysteines at its N-terminal (Shaw et al., 1983). 
Deduced from experiments using chelating agents in the presence of metal ions (Spiro 
et aL, 1989) and mutagenesis studies (Kiley and Reznikoff, 1991; Melville and 
Gunsalus, 1990; Sharrocks et al” 1990), the cysteines were found to be important in 
the anaerobic activation of Fnr, presumably by interacting with metal ions such as 
Fe3+ ion change Fnr to its active form. 
h 
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Sensing mechanism and cellular signal that trigger respiratory control is 
unknown. It is uncertain whether nitrate or oxygen triggers conformational change 
of NarL，Fnr , ArcB, ArcA regulators or some other related signals such as redox 
potential, metabolites of pathway or any other related coeffector interacted with 
regulators through some unknown mechanism (Spiro and Guest, 1990). 
1.4 Other regulatory systems in respiratory control 
Although several modulons have been identified, they definitely do not form 
complete network system for respiratory control. Many enzymes involved in 
glycolytic pathways and fermentative pathways still can not be grouped into the 
modulons we mentioned above. On the other hand, even for those genes with 
identified regulators, residual expression was found in mutation of known regulator 
gene. For instance, several-fold residual expression of cydAB and cyoABODE operon 
were found in the mutant with both fnr and arcA deleted (Cotter and Gunsalus, 1992), 
suggesting that unidentified modulon exists for these residual expressions, in addition 
to the known specific regulatory mechanisms. 
Indeed, more and more regulatory systems have been discovered. A partially-
defined oxrC or pgi mediated regulatory system was found to affect anaerobic genes 
involved in fermentative pathway and biosynthesis of Salmonella typhimurium 
(Jamieson and Higgins, 1986). Mutation in oxrC is so pleiotropic that anaerobic 
expression of many ⑷-independent enzymes such as formate .dehydrogenase 
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component of formate hydrogen lyase (ftil), tripeptidase (pepT) and hydrogenase 3 are 
reduced, but those yhr-dependent enzymes such as nitrate reductase, fumarate 
reductase, respiratory formate dehydrogenase and hydrogenase 2 are unaffected. 
Therefore, two distinct systems were suggested for anaerobic control in Salmonella 
typhimurium. For those enzymes responsible for fermentation or biosynthesis, they 
are under oxrC control, whereas those anaerobic respiratory enzymes are controlled 
by 内r. The chromosomal map location of oxrC indicates that oxrC encodes either 
the glycolytic enzyme phosphoglucose isomerase (PGI) or a positive regulator on of 
pgi gene. The primary defect in oxrC mutation is PGI deficiency with which the 
bacteria can not ferment sugar. However, PGI would not be the regulator on oxrC-
dependent gene expression when fructose, whose catabolism bypass PGI, is used as 
the carbon source, pleiotropic effect of oxrC mutation is lost. Therefore, oxrC effect 
may be depend on the presence of a metabolic intermediate from glycolysis or change 
in ratio of NAD/NAD + rather than the level of the PGI protein (Jamieson and 
Higgins, 1986). 
Some other types of control are suspected to be relied on the reduction of 
nitrate. Residual anaerobic glpA activity was found in fhr mutation. Although this 
residual anaerobic expression could be reduced by the addition of nitrate, the 
repression is unrelated to well known NarX-NarL activity since mutation of a newly 
defined narK gtnt almost abolished the nitrate effect (luchi et al” 1990b). NarK 
gene was later identified to encode a nitrate-nitrite antiporter, i.e. narK mutation may 
affect the chemical process of nitrate reduction (DeMoss and Hsu, 1991). Redox 
repression was also found in other operons, such as ftil operon, which encoded a 
fermentative formate-hydrogen lyase (luchi and Lin, 1991). As the expression of 
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narK is Fnr- and NarL- dependent (Bonnefoy and DeMoss, 1992)，whether NarK-
mediated redox repression was a new modulon for respiratory control or just a 
outcome of NarL and Fnr effect needs to be further investigated. 
On the other hand, as regulatory mechanisms of many genes in anaerobiosis 
are still not understood, it is speculated that whether a general mechanism for 
anaerobic stress exist and specific mechanism only has a role in altering particular 
genes expressions over this framework of general control. The speculated general 
control may depend on changes in DNA topology. The topological state of DNA 
changes according to the environmental condition such as anaerobiosis or osmotic 
stress and importance of DNA supercoilicity to gene expressions in vitro or in vivo 
were reported (Higgins et al., 1988; Pniss and Drlice, 1989; Bhriain et al, 1989; 
Axley et al” 1988; Dorman et al., 1988). In the anaerobic state, DNA is negative 
supercoiled due to increase of gyrase activity that responsible for negative 
supercoiling of DNA (Yamamoto and Droffner, 1985). Supercolicity of DNA was 
suggested to be a factor for anaerobic genes activation (Yamamoto and Droffner, 
1985). The oxrC (pgi) mutation effect on^r-independent anaerobic genes expression 
is also speculated to relate with alternation of DNA supercoiling state since change 
of DNA supercoiling was found in carbon starvation condition and oxrC (pgi) 
mutation may mimic this conditon (Bhriain et al., 1989). Moreover, the oxrC 
mutation not only affect those anaerobically expressed genes, but also osmotically 
regulated proU gene (Bhriain et al” 1989). Even if the change in DNA topology is 
an anaerobiosis control mechanism, it cannot be the sole regulation for respiratory 
control. It must work in concert with other specific binding proteins such as IHF, 
FIS, HNS, FNR and CRP to determine the specific expression of particular sets of 
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genes (Dorman et al., 1988). 
1.5 The puzzle of regulatory network in anaerobiosis 
Several well-defined modulons on respiratory control have been reviewed. 
However, many questions in the respiratory control network remain to be answered. 
First, the identified modulons will not form a complete network for respiratory 
control since regulation of many genes, especially those for fermentative and 
glycolytic pathway still cannot be classified in any of these modulons we had 
mentioned above. Second, because of many unidentified mechanisms for 
anaeorbiosis, there may be a global general mechanism, such as the previously 
described DNA topological dependent mechanism, for overall control of aerobic / 
anaerobic stress, where the specific global and local regulatory system are only 
responsible for fine-tuning of particular genes expressions. Third, the regulatory 
mechanism of modulons is still unclear, especially on the relationship between oxygen 
sensing and regulatory activity for those global regulator, whether cofactors sensitive 
to oxygen concentration exist or the regulator itself is the redox sensor still needs to 
be investigated. Forth, overlapping of modulon control has its beneficial means for 
gene expression as a network system. Would global regulators interact with each 
other? Fifth, interaction of physiologically related modulons was found, for instance 
soxR modulon, responsible for mediating superoxide response to protect against 
oxygen stress, interacted with Jur modulon for ferric uptake regulation and arcA 
modulon for respiratory control. Are there any other physiologically related 
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modulons such as those for osmotic stress, carbon starvation, biosynthesis of enzyme 
cofactors or other anaerobic inducible genes, interconnected with respiratory 
modulons? How can they interact to achieve a harmonious state in bacterial cells. All 
the above questions are too complicated to be solved in short period of time. The 
objective of my thesis was to concentrate on how arcA gene expression is regulated 
(Fig. 1.3.a). 
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1.6 ArcA-ArcB system in E. coli. 
Before discussing the strategies used in analyzing arcA gene of Salmonella 
typhimurium in this thesis, let me describe the ArcA-ArcB system in Escherichia coli. 
1.6.1 ArcA and ArcB for aerobic respiratory control 
The arcAB system of E, coli. was first identified by luchi and Lin (1988), who 
aimed at exploring regulatory systems that repress aerobic enzymes during 
anaerobiosis. With the use of strains sdh-lacZ fusions, where sdh gene encodes the 
aerobic enzyme sucinnate dehydrogenase, mutants that are severely derepressed in sdh 
transcription anaerobically were isolated. Further analysis of this mutant revealed that 
the mutation is pleiotropic that it derepresses the anaerobic expression of a large 
number of enzymes in TCA cycle (citrate synthase, aconitase, isocitrate 
dehydrogenase, 2-oxoglutarate dehydrogenase, and malate dehydrogenase), glyoxylate 
shunt (isocitrate lyase), degradation of long-chain fatty acids (3-hydorxyacyl-CoA 
dehydrogenase), several dehydrogenases of flavoprotein class (L-lactate 
dehydrogenase, the formate dehydorgenase, D-amino acid dehydorgenase) and 
cytochrome o oxidase complex (ubiquinol oxidase) (Fig. 1.6.1a). In constrast to 
those aerobic enzymes, anaerobic enzymes in anaerobic respiration and fermentation 
(reductases of nitrate, fumarate and TMAO reductase, NAD+ linked fermentation 
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to encode a pleiotropic regulatory protein which is responsible for aerobic respiratory 
control during anaerobiosis and the name arcA was assigned to stand for their aerobic 
respiratory control function (luchi and Lin, 1988). 
Another global regulator gene, arcB, aerobic respiratory control was identified 
(luchi et al，1989b). arcB mutation is unlinked to arcA and defective in repressing 
sdh-lacZ expression. This second global regulator gene on aerobic respiratory control 
was mapped at 69.5 minutes in E. coli. and was named arcB. As in arcA mutant, 
arcB mutants fails to derepress anaerobically many aerobic enzymes, such as citrate 
synthase, aconitase, isocitric dehydrogenase, 2-oxoglutarate dehydrogenase, malate 
dehydrogenase, L-lactate dehydrogenase and ubiquinol oxidase. Moreover, arcA and 
arcB was suggested to work in concert for respiratory control since overproduction 
of arcA with arcA. plasmid could diminish arcB mutation effect (luchi and Lin, 
1989). 
1.6.2 arcA/dye/msp/fex/sfrAJcpxC genes are on identical genetic locus, 
ArcA mutant was found to be toluidine blue dye sensitive (luchi and Lin, 
1988). The sensitivity of redox dye such as methylene or toluidine blue was 
determined by dye gene (Buxton and Drury, 1983). Complementation test of arcA 
mutant with dye"- plasmid revealed that arcA and dye genes were identical (luchi and 
Lin, 1988). ArcA was mapped at minute 0 in E, coli.，a region near thr locus, while 
mutation of dye gene was identified between trpR and thr region atjninutes 0/100 
Page 26 
(luchi and Lin, 1988; Buxton and Drury, 1983). The map location of dye gene was 
also found to be identical to a number of previously identified genes, msp (determing 
resistance of male strains to male-specific phage),/ex (for fertility expression), sfrA 
(for sex factor regulation), cpxC (for conjugative plasmid expression) (Buxton et al.， 
1978; Lemer and Zinder, 1979; Beutin and Achtman, 1979; McEween and 
Silverman, 1980). All of these genes were suggested to be identical or allelic to dye 
(arcA) genes. Msp/fex/sfrA/cpxC genes are all responsible for F-dependent genetic 
transfer from male bacterial strains in conjugative process. Different names of genes 
were assigned in different laboratory for their defective phenotypes found in the 
isolated mutant. Mutation in dye gene cause bacteria to be sensitive to toluidine blue, 
in addition, it also result in male sterility, chlorate resistance, loss of expression of 
alkaline phosphatase and increase in amounts of certain inner membreane proteins 
(Drury and Buxton, 1985). The pleiotropic effect of dye mutation was suggested to 
be related to defective regulatory mechanism on some component of cell envelope that 
would cause a change in sensitivity to dye (Drury and Buxton, 1985). The dye gene 
product, on the other hand, might also be responsible for a transcriptional factor that 
regulate conjugation protein for F-dependent genetic transfer, for instance, sfrA gene 
was suggested to be involved in preventing premature termination of transcription of 
F factor traJ gene or regulating expression of tra gene through rra7promoter (Drury 
and Buxton, 1985; Silverman et al，1991). The tra gene and traJ gene are important 
in determing male fertility since F-encoded tra citrons were found to be responsible 
for F pilus synthesis, mating aggregation and DNA transfer. The tra transcription 
is regulated by traJ gene product (Beutin and Achtman, 1979). Therefore, arcA (dye 
/msp /fex /SfrA /cpxC) is pleiotropic regulator of sets of genes which function in 
aerobic respiratory system or sex factor regulation. The term modulon was suggested 
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to describe a set of regulons that is controlled by a common transcriptional regulator 
(luchi and Lin, 1988). Regulons under arcA gene product control, responsible for 
either sex factor regulation (Sfr function) or aerobic respiratory control (Arc function) 
are the members of the ArcA modulon. 
1.6.3 Arc function and Sfr function of ArcA protein are separately regulated 
Although arcA gene responsible for either Sfr function or Arc function is in 
fact only one gene, it was found that ArcA and Sfr functions of arcA product are 
independently expressed and regulated probably through post-transcriptional 
modification (Silverman et al‘, 1991). Sequence analysis of arcAl mutation, which 
was defective in repressing sdh-lacZ fusion anaerobically (luchi and Lin, 1988) and 
sfrA5 mutation, which affects conjugal DNA transfer (Beutin and Achtman, 1979; 
Buxton and Drury, 1983) revealed that arcAl and sfrA5 were not entirely identical. 
In arcAl, a twenty four bases duplicated fragment was inserted in frame to NHj 
terminal as compared with wild type arcA, while in sfrA5, a GC to AT transition in 
codon 203, near carboxyl ends, was found. The structural difference between these 
two arcA (sfrA) mutant gene products was well-defines their scopes of regulation as 
low sex factor regulatory activity (Sfr function) was found in arcAl gene product and 
the opposite for sfrA5 mutant, which has low aerobic respiratory control activity (Arc 
function) (Silverman et aL, 1991). This implied that Arc and Sfr function of arcA 
gene are determined by the post transcriptional structure difference for recognization 
of respective sets of genes. The functional regulation of arcA gene product relies on 
two other genes, arcB and cpxA genes. In arcB, arcA and cpxA mutant studies, 
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mutation in arcB only derepresses aerobic enzyme anaerobically, but F-pili formation 
is not affected (luchi and Lin, 1989b; 1989a). This contrast to cpx mutation, which 
is defective in pili formation, but with normal aerobic enzyme expression. Both 
aerobic enzyme expression and pili formation are affected in arcA mutant (luchi and 
Lin, 1989a). Therefore, ArcA is the regulator for both aerobic respiratory control 
and sex factor regulation. However, it behaves differently according to the 
environmental stimulus sensed by the ArcB or CpxA. ArcB-ArcA is a sensor-
regulator pair responding to anoxia for aerobic respiratory control. CpxA-ArcA was 
another sensor regulator pair which senses the sexual state of bacterial cells for sex 
factor function (luchi and Lin, 1989a) (Fig. 1.6.3a) 
1,6.4 ArcB-ArcA as sensor regulator in two component system for respiratory 
control 
The amino acid sequences of ArcA and ArcB have high homology with other 
sensor regulator proteins in two component sensor regulator systems. In a two 
component sensor regulator system, a transmembrane sensor protein pocesses a 
histidine (His) residue in a 200 bases conserved transmitter domain located at the C-
terminal. Upon stimulation, the His residue of the sensor protein undergoes 
phosphorylation and this phosphoryl group will later transfer to an aspartate (Asp) 
residue in the conserved regulator domain of its cognate regulator. The 
phosphorylated regulator becomes functional active by a conformational change (Stock 
et al, 1989; Ronson et al” 1987). 、 
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Figure 1.6.3a. Schematic representation of the components and domains of ArcAB 
and CpxA-ArcA signal transducing systems for aerobic respiratory control (Arc 
function) and sex fertility regulation (Sfr ftinction) (luchi and Lin, 1989a) 
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ArcA (dye) gene of 1.4 kb fragment (Fig. 1.6.4a) was cloned and the deduced 
amino acid sequence has a high homology with the OmpR protein (Drury and Buxton, 
1985). A sequence of 19 adjacent residues at position no. 92 - 100 of ArcA is 
identical to a sequence of residues situated between 94 - 112 of the OmpR protein. 
Besides this region, there is some degree of homology among these two proteins in 
other regions and the overall homology was estimated to be 28% (Drury and Buxton, 
1985). The sequence homology between ArcA and OmpR suggested that they might 
have similar regulatory mechanism or regulatory role. OmpR is a regulator protein 
in a two component sensor regulator system (EnvZ-OmpR), in which EnvZ senses 
the osmolality of the cell and OmpR acts as the transcriptional regulator for 
controlling the amounts of two outer membrane proteins OmpF and OmpC (Aiba and 
Mizuno，1990). Therefore, ArcA would be a regulator protein a in two component 
system. A potential aspartate residue for phosphoryl group acceptance in the 
activation mechanism of two component system was suggested at position no. 11 and 
54 of ArcA protein (luchi and Lin, 1992b) 
ArcB protein is speculated to be the sensor pair of ArcA regulator in two 
component system as a conserved transmitter domain is located in the center of ArcB 
protein (fig. 1.64b)(luchi et aL, 1990). Moreover, a putative functional histidine 
molecule was also found in this conserved transmitter domain. The region adjacent 
to the histidine residue, (amino acids ELHDSIARS), are identical to that in CpxA 
protein, which is another cognate sensor for ArcA protein. It was suggested that this 
region plays an important role in ArcA recognition and activation (luchi et al” 1990). 
ArcB protein not only contains a conserved transmitter domain, but also a conserved 
regulator domain near the carboxyl end (luchi et al” 1990). This conserved regulator 
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Figure 1.6.4a. Nucleotide and deduced amino acid sequence of the E, coli, dye gene 
(Drury and Buxton, 1985). 
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Figure 1.6.4b. Sequence homology between ArcB and various two-component 
regulatory proteins (luchi et al” 1990c). 
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domain is absent in other sensor protein of two component system. In the conserved 
regulator domain, three aspartate residues apppear to involved in phosphoryl group 
acceptance was found at position no. 533, 576 and 624. 
The importance of the putative aspartate and histidine residues in the 
conserved transmitter or regulator domains of ArcA and ArcB proteins for respiratory 
control has been investigated. In the nucleotide directed mutagenesis study of ArcB 
proteins, His^^ ,^ Asp^ "^ ^ and Asp^ ^^  of ArcB protein were found to be important for 
anaerobic repression of aerobic succinate dehydrogenase enzyme in sdh-lacZ fusion 
(luchi and Lin, 1992a). In another study of in vitro phosphorylation of ArcA and 
ArcB proteins, it was found that ArcB would be autophosphorylated with [7-^^ P]ATP, 
but phosphorylation of ArcA molecules is dependent on the expense of phosphorylated 
ArcB molecules (luchi and Lin, 1992b). Moreover, phosphorylation of ArcB was 
found to occur in two different kinds of residues, presumbly at His^^ and Asp576， 
while in ArcA protein, only one kind of residue is phosphorylated. 
Based on the above observation, a model of regulatory mechanism of ArcB-
ArcA two component system for respriatory control was suggested (fig. 1.6.4c)(Iuchi 
and Lin, 1992a; 1992b). In this model, ArcB is a transmembrane sensor for sensing 
the signal associated with anoxia. Upon stimulation, ArcB protein would undergo 
autophorylation at His^^ in the conserved transmitter domain. This phosphoryl group 
would transfer intramolecularly to Asp^^^or Asp知 in the conserved regulator domain 
of ArcB and the free His residue would undergo another round of phosphorylation. 
It is the phosphorlation of Asp residue that induces conformational change in ArcB 
protein, which in turn phosphorylated its cytoplamic cognate regulator, ArcA protein. 































































































































































































The phosphorylated form of ArcA would acquire a specific conformation and become 
functionally active in aerobic respiratory control. 
The signalling mechanism for aerobic respiratory control was unknown 
although redox potential changes, such as Fe2+/Fe3+ ratio, was suggested to be the 
signal associated with anoxia (luchi and Lin, 1992). However, the potential cysteine 
residues (Cys^ ^® and Cys24i) for interaction with Fe2+/Fe3+ were found to be 
unimportant in repressing aerobic enzymes (luchi and Lin, 1992a). The signalling 
mechanism for autophorylation of ArcB protein in reponse to anoxia still needs to be 
discovered. On the other hand, although the post-transcriptional model based on 
phosphorylation would be a means for regulatory mechanism of ArcB-ArcA system 
for respiratory control, whether other mechanisms, for instance, transcirptional 
regulation of arcA or arcB expressions, would be involved synergistically for 
respiratory control is unclear. ArcB transcription was suggested to be relatively 
constant in both aerobic and anaerobic condition (luchi and Lin, 1992a). ArcA gene 
in E, coli. was found to be highly expressed under both aerobic and anaerobic 
conditions, and its expression was slighly decreased in anaerobic conditon. 
Moreover, transciption of arcA was negatively autoregulated as arcA-lacZ expression 
is derepressed by 67% to 88% aerobically and anaerobically in arcA deletion strains 
(Park et al, 1992) 
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1.7 Objectives and Strategies of present study 
In this project, transcriptional regulatory mechanism of S, typhimurium arcA 
gene was studied. The arcA gene of S, typhimurium were obtained from anaerobic 
inducible promoter library screening (Wong, 1990). It is a 0.56 kb fragment 
containing part of 5’ end coding region of ArcA protein (Drury and Buxton, 1985) 
and an upstream non-coding region. This arcA fragment was cloned in front of a 
promoterless jS-galactosidase coding lacZ genes of low copy number pFZYl plasmid 
and renamed pFS34 (fig. 1.7b). The arcA gene in pFS34 is nearly identical to the 
corresponding region of arcA (dye) gene in E. coli,，only three base difference is 
found and one of which change at the wobbing codon of amino acid sequence (fig. 
1.7a). 
ArcA gene in pFS34 was found to be anaerobically induced for 6-fold and 8-
fold in E, coli. and Salmonella typhimurium respectively (Wong, 1990). Moreover, 
its expression was unaffected by nitrate or glucose (Wong, 1990). One of the 
objective of this project was to investigate the regulatory mechanism of this anaerobic 
inducible arcA gene in pFS34. Primer extension was used as an initial step to locate 
the anaerobic and anaerobic transcriptional start point of pFS34. The next strategy 
to dissect transcriptional mechanism of arcA was to find out those important elements 
or regions that affect aerobic and anaerobic expression of pFS34 by in vitro chemical 
mutagenesis studies. Furthermore, some putative regulatory element, for instance, 
ASE element, IHF binding site, FNR binding site, HNS binding region, would be 
analysed by comparing to the consensus sequences. The involvement of some of 
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a r c A g e n e o f S. typhimurium in p F S 3 4 
GATCCTGTTCTTTGGATTCA TCACATTTATTAGTTGGCTT ACGTAACTAGTTGGAATATT 
20 40. 60 • 
GCAAATTTGTGATGAAAGCT AGCATTTAGCTACGATGATT TCATCAAACTGTTAACGTGC 
80 100 120 
TACAATTGAACTTGATATAT GTCAACGAAGCGTAGTTTTA TTAGGTGTCCGGTACGTCTT 
140 160 180 
AGCCTGTTATGTTGCTGT識 AAATGGTTAGGATGACAGTC^ GTTTTTGACACTGTCGGGTg 
CAGAGGGAAAGTACCCACGA CCAAGCTAATGATGTTGTT9 ACGTTGATGGAAAGTGCATC 
260 280 300 
dye (arcA) g e n e of E. c o l i . 
TGTTACGCCGATCA TGTTAATTTGCAGCATGCAT • • • 
1 
AAGAACGCAATTACGTACTT TAGTCA GA 
320 327 340 360 
S.D. region 
CAGGCAGGTCAGGGACCTTT TGTACTTCCTGTTTCGATTT AGTTGGCAATTTAGGTAGCA 
• • • 
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Fig. 1.7a. The sequence of arcA gene of S. typhimurium in pFS34 and 
the 5, region of cloned arcA of E. colu 
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pFS34 
arc A promoter region arc A coding seq. 
y^oij . pFZYI r 
日gittCz:, VI.3 kb 
Xbar^f ^ II 
Figure 1.7b. pFS34 plasmid. ArcA gene of 5. typhimurium cloned into promoterless 
pFZYl plasmid (pFZYl plasmid refer to Allen et al, 1987) 
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these regulatory elements would be investigated from the promoter activity changes 
of arcA in the respective mutants. The autoregulation of arcA in S. typhimurium 
would be investigated by assaying the promoter acitvity of pFS34 in E. colL arcA^ 
and arcA' isogenic strains. 
In addition, genomic PGR walking technique was used to obtain the further 
upstream sequence of the arcA promoter gene than pFS34. The arcA clones obtained 
from genomic S. typhimurium LT2 were used to confirm that our arcA clone in 
pFS34 was a geniune arcA from S. typhimurium. Second, the PGR walking product 
might contain further upstream arcA gene fragment and upstream region of arcA was 
desired for the study of whether additional regulatory element exist. Third, the 
shorter clones obtained by PGR walking would be 5，end nested deleted clones of 
pFS34. By analysing residual promoter activity of 5，unidirectional deleted clones, 
important regulatory region would be located. 
* 
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Chapter 2 
Materials 
2.1 Bacterial strains 
Table 2.1a Bacterial strains and plasmids used in this study. 
Strains Relevant genotype References 
Escherichia coli K12 derived strains 
MC1061-5 hsdRl hsdM^ hsdS^ araDU9 {ara4eu)1691 Koop et al, 1987 
(lac)x74 galUgalKrspL {str^) mcrA mcrBl 
JMlOl supE thi (laC'proAB) F [/mD36proA+ proB+ Yanish-Perron et al, 1985 
lacN lacZMlS] 
JM83 ara A(lac-proAB)XIIIrpsL (t)80d A(lacZ)M\5 Yanish-Perron etal., 1985 
DPB102 himAASlv.TnlOdiTc) Biek & Cohen，1989 
DPB564 himD2:.cat Flamm & Weisberg, 1985 
MC-102 MC1061-5, himA452\\lnl0d(Tc), transductant This study 
of PI lysate of DPB102 
MC-564 MCI 061-5, himD3\:cat, transductant of PI This study 
lysate of DPB564 
ECL587 sdh+ 狄sdMac) A(deoD-<iye)253 zjjvJnlO luchi and Lin，1988 
ECL618 F arcAl zjjv.lnlO luchi and Lin, 1989a 
MC-587-8 same as MC1061-5, transductant of PI lysate of This study 
ECL587 
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MC-587-2 MCI061-5, (deoD-dye)253zjj::TnJ0, This study 
transductant of PI lysate of ECL587 
MC-618-8 same as MCI 061-5, transductant of PI lysate This study 
ofECL618 
MC-618-15 MCI 061-5, arcA2 zjjv.TnlO, transductant of PI This study 
lysate of ECL618 
Salmonella typhimurium LT2 derived strains 
JR502 hsdSA29 hsdSBlll hsdL6 metAll metE55\ Tsai et al., 1989 
trpCl ilv'452 Hl-b H2-e n，x (cured ofFels 2) ’ 
fla-66 nml rpsL 120 xyl-AOA gal ET19/F' 
gcdE(f) 
M38 m502, arc^T -83 C in pFS34 This study 
M l 15 JR502, arcA^ -115 G，A-189 G in pFS34 This study 
Ml 56 JR502, arcAC -37 T pFS34 This study 
M169 JR502, arcA。-42 A, T -164 C in pFS34 This study 
M221 JR502, arcA'^ -85 C in pFS34 This study 
M483 JR502, arcA^ -9 T in pFS34 This study 
AU87 JR502, approximately 208bp further upstream This study 
sequence of arcA of pFS34, but end at 
arcAusp2 priming sequence 
Plasmids 
pFZYl Ap^, F lac replicon, Koop et al, 1987 
pFS34 pFZYl containing 0.56kb arcA fragment from Wong, 1991 
S. typhimurium LT2 
pUC 18 Aj^ Yanish-Perron etal, 1985 
A 
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pAU2 pUC18 containing 5'end deletion to -178 of This study 
arcA of pFS34 up to arcAusp2 priming 
sequence 
pAU39 pUC 18 containing 5'end deletion to -178 of This study 
arcA of pFS34 up to arcAusp2 priming 
sequence 
pAU42 pUC 18 containing 5'end deletion to -178 of This study 
arcA of pFS34 up to arcAusp2 priming 
sequence 
pAU43 pUC18 containing 5'end deletion to -178 of This study 
arcA of pFS34 up to arcAusp2 priming 
sequence 
pAU51 pUC 18 containing 208bp further upstream This study 
sequence of arcA of pFS34 up to arcAusp2 
priming sequence 
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2.2 Culture medium 
LB (Luria-Bertani) medium: 
LB medium contained 10 g Bacto-tryptone, 5 g Bacto-yeast extract and 10 g 
NaCl per liter. 
LB-MES-KOH medium: 
For 1 liter of medium, 10 g trytone, 5 g yeast extract, 5 g NaCl and 15.616g 
MES (2-[N-morphilimo] ethane sulfonic acid) was added, the pH was adjusted 
to 6.5 with several drops of 5 M KOH. The medium was then autoclaved and 
added sterilized glucose to final concentration of 0.2 %. 
M9 medium: 
One liter M9 medium consisted of 6 g Na2HP04, 3 g KH2PO4, 0.5 g NaCl 
and 1 g NH4CI. After autoclaving and cooling to room temperature, 2 ml 
sterilized 1 M MgS04, 10 ml 20% glucose and 0.1 ml 1 M CaCl! were added. 
SOB medium: 
1 liter of SOB medium, it contained 20 g Bacto-typtone, 5 g of Bacto-yeast 
extract, 0.5 g NaCl and 2.5 mM KCl. pH was adjusted to 7.5 with potassium 
hydroxide and sterilized by autoclaving. Then 20 ml 1 M autoclaved 1 M 
MgS04 was added. 
ft 
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SOC medium: 
The composition is the same as SOB medium, but contained 20 mM glucose. 
2YT medium: 
2YT medium contained 16 g Bacto-tryptone, lOg Bacto-yeast extract and 5 g 
NaCl per liter. 
Solid plate: 
The corresponding medium with addition of 15 g Difico-agar per liter. 
Top agar: 
One liter of top agar contained 8 g of Difico-agar per liter. 
R-top agar: 
For one liter, it contained 10 g Bacto tryptone, 1 g of Bacto-yeast extract, 8 
g of Difco agar and 8 g of NaCl. After autoclaving, 2 ml of 1 M CaCl] and 
5 ml of 20% glucose were added. 
R-plate: 
The medium is identical to R-top agar except that each liter contains 12 g of 
agar instead of 8 g of agar. 
X-gal (5-bromo-4-chloro-3-inciolyl-/3-D-galactoside) containing plate: 
0.8 ml of stock x-gal solution with concentration 100 mg/ml was added to 1 
liter medium. 
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2.3 Buffers, Chemicals and antibiotics 
a. Buffers 
Alkaline lysis buffer: 
Alkaline lysis buffer contained 1 % SDS and 0.2 M NaOH were freshly 
prepared by mixing the stock solution of 20 % SDS (sodium dodecyl sulfate) 
and 2 M NaOH. 
Gel-loading buffer: 
The buffer contined 0.25 % bromophenol blue and 0.25 % xylene cyanol and 
30 % glycerol in HjO. It was stored at room temperature. 
KGB buffer: 
Usually 2x or 5x KGB buffer was prepared. 2x stock solution consisted of 
200 mM potassium glutamate, 50 mM Tris-acetate (pH 7.6)，20 mM 
magnesium acetate, 100 jug/ml BSA, 1 mM 2-mercaptoethanoL The buffer 
was sterilized by filtration and stored at 4°C. 
MOPS [3-(N-morpholino)propanesulfonate] RNA buffer (5X): 
MOPS buffer was used in RNA electrophoresis. 5x buffer contained 0.2M 
MOPS (pH 7.0)，50 mM NaAcetate, 5 mM EDTA. 
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Phosphate buffer (O.IM): 
To 100 ml O.IM phosphate buffer (pH 7)，it contained 6.15 ml IM K2HPO4 
and 3.85 ml 1 M KH2PO4. 
QIAGEN buffers PI: 
PI contained 50 mM Tris/HCl, 10 mM EDTA. The solution was adjusted to 
pH 8.0 and autoclaved. After autoclaving, 100 ^g/ml RNase A was added 
and the solution was stored at 4°C. 
QIAGEN buffer P2: 
P2 contained 200 mM NaOH, 1 % SDS. The solution was then autoclaved. 
QIAGEN buffer P3: 
P3 contained 2.55 M potassium acetate and pH was adjusted to 4.8 with acetic 
acid. The solution was then autoclaved. 
QIAGEN buffer QBT: 
QBT contained 750 mM NaCl, 50 mM MOPS, 15 % ethanol, 0.15 % Triton 
X-100. pH of the solution was adjusted to pH 7.0. 
QIAGEN buffer QC: 
QC contained 1 M NaCl, 50mM MOPS, 15 % ethanol. The solution was 
adjusted to pH 7.0. 
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QIAGEN buffer QF: 
QF contained 1.25 M NaCl, 50 mM MOPS, 15 % ethanol. pH of the solution 
was adjusted to 8.2. 
Sodium acetate buffer: 
Sodium acetate buffer composed of 0.02 M sodium acetate, 0.001 M Na 
EDTA, 0.5 % SDS. It was used in RNA preparation, therefore, per 100 ml 
solution was shaked with 0.2 ml Diethylpyrocarbonate (DEPC) (sigma) 
vigorouly. Then the solution was autoclaved to inactivate the remaining 
DEPC. 
Tris-borate-EDTA buffer (TBE buffer): 
5x or lOx stock solution was diluted before use. 5x buffer contained 54g 
Tris-base, 27.5 g boric acid and 2 ml 0.5 M EDTA (ethylene diamine 
tetraacetic acid) per liter. 
Tris-EDTA buffer (TE buffer) (pH 8): 
TE buffer contained 10 mM Tris-Cl(pH 8) and 1 mM EDTA (pH8). 
Z-buffer (pH 7.0): 
Z-buffer contained 0.06 M NasHPO*，0.04 M NaH2P04, 0.01 M KCl, 0.001 
M MgS04, 0.05 M b-mercaptoethanol. The pH of the solution was adjusted 
to 7.0 with NaOH. 
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b. Chemicals 
Deoxycholate solution: 
5 g of deoxycholate salt were dissolved in 25 ml of H2O and sterilized by 
filtration. 
Ethidium bromide solution: 
1 g of ethidium bromide was added to 100 ml of H2O. The solution was 
wrapped with aluminium foil and stored at room temperature. 
o-nitro-phenyl-galactoside (ONPG) (pH 7.0): 
0.4 g of ONPG was dissolved in 0.1 M phosphate buffer, pH 7.0. The 
solution was warmed at 37°C until the solid dissolved. Then it was wrapped 
with aluminium foil and kept at 4®C. 
Phenol saturated with TE buffer: 
Solid phenol was redistillated and saturated with 0.1 M of Tris-Cl (pH 8). 
Also, 0.1% (w/v) 8-hydroxyquinone was added and the solution was wrapped 
with aluminium foil and kept at 4°C. 
Phenol saturated with sodium acetate buffer: 
It is the same as phenol saturated with TE buffer, but the solution was 
saturated with sodium acetate buffer (pH 5.5) by adding equal volume of 
sodium acetate buffer and phenol solution. 
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RFl solution: 
RFl solution composed of 0.1 M RbCl, 50 mM MnClj-SH^O，30 mM 
potassium acetate, 10 mM CaCl! and 15 % w/v glycerol. The final pH of the 
solution was adjusted to 5.8 with 0.2 M acetic acid. The solution was 
sterilized by filtration. 
RF2 solution: 
RF2 solution contained 10 mM MOPS, 10 mM RbCl, 75 mM CaClj.HjO and 
15% w/v glycerol. The final pH was adjusted to 6.8 with NaOH. The 
solution was sterilized by filtration. 
Sodium acetate (3M, pH4.8): 
408.1 g of sodium acetate. 3H2O (sigma) were dissoleved in 800 ml of HjO. 
Adjust pH to 4.8 with glacial acetic acid and the final volume adjust to 1 liter. 
The solution was sterilized by autoclaving. 
Sodium lauryl sulfate (SDS) (20%): 
20 g of SDS (sigma) was dissolved in 100 ml of H2O, then it was heated to 
68。C to assist dissolution. The pH was adjusted to 7.2 by adding a few drops 
of concentrated HCl. 
SSC (2x): 
2x SSC contained 0.3 M sodium chloride and 0.03 M sodium citrate. The 
solution was used in RNA preparation and shaked with 0.2 ml DEPC per 100 
ml solution. The remaining DEPC was removed by autoclaving. 
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Tris-Cl (1 M, pH 8.0): 
121 g Tris base (sigma) was dissolved in 800 ml H2O and pH was adjusted to 
pH 8.0. The final volume was made up to 1 liter and sterilized by 
autoclaving. 
5-bromo-4-chloro-3-indolyl-b-D-galactosicle (x-gal): 
100 mg/ml stock solution was prepared by dissolving 1 g of x-gal in 10 ml N, 
N-Dimethylformamid (DMF). The solution was stored at -20。C. 
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c. Antibiotics 
Ampicillin: 
Stock solution of 50 mg/ml was prepared by dissolving 1 g of the sodium salt 
of amplicillin in H2O. Then the solution was sterilized by filtration and stored 
at -20°C for up to 2 months. The working concentration is 50 ^g/ml. 
Chloramphenicol: 
Stock solution of 34 mg/ml was prepared by dissoling 0.68 g of 
chloramphenicol in 20 ml of 100 % ethanol. The solution was stored at -
20。C. The working concentration is 25 jxglml. 
Tetracycline: 
Stock solution with concentration of 5 mg/ml was prepared by dissolving 0.1 
g of tetracycline in 10 ml of ethanol and 10 ml of H2O. The solution was 
kept in dark and at -20°C. The working concentration is 15 /^g/ml. 
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2.4 DNA primers 
All primers were purcharged from Operon Technologies, Inc. and the 
sequences are listed below. 
a. M13 reverse sequencing primer (-48) 
5'-AGC GGA TAA CAA TTT CAC ACA GGA-3，(24-mer) 
b. M13 universal primer 
5，-GTA AAA CGA CGG CCA GT-3，(17-mer) 
c. EcoRI-ext primer 
5，-TAG GCG TAT CAC GAG GCC CT-3’ (20-mer) 
d. GalK (-54) primer 
5，-TAC GGT GGC GGA GCG CAG CA-3’ (20-mer) 
e. ArcA-cds primer 
5，-TCG TCT TCA ACG ATA AGA ATG TGC GGG GTC-3，(30-mer) 
f. ArcA-usp primer 
5，-GAT GCA TGT CGC AAA TTA ACA TGA TCG GCG TAA C-3，(34-
mer) 
g. ArcA-usp2 primer 
5，-GCC CGG GAT CCA TGT CGC AAA TTA ACA TGA TCG GCG TAA 
C-3，(40-mer) 
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h. ArcA-usp3 primer 
5，-TTT GTG GGT ACC TTC CCT CTG GAC CC-3，(26-mer) 
i. Del-C23 primer 
5，-GTA AAA CGA CGG CCA GTC CCA AG-3，(23-mer) 
j . Del-C32R primer 
5’-GTA AAA CGA CGG CCA GTC CCA AGC TTN NNN NN-3，(32-mer) 
k. Del-C34R primer 
5，-GTA AAA CGA CGG CCA GTG CCA AGC TTN NNN NNC C-3，（34-
mer) 
. Page 54 
Chapter 3 
Primer extension analysis for locating the transcriptional start point of 
anaerobic inducible arcA in pFS34. 
3.1 Introduction 
As an initial step towards investigating the regulatory mechanism on 
transcriptional activation of arcA in Salmonella typhimurium, primer extension 
technique was used to determine the transcriptional starting site of arc A, The strategy 
of primer extension for finding out 5' end of arcA mRNA (transcriptional start point) 
was outlined in the fig. 3.1a. An end-labelled primer anneals specifically to a region 
downstream from 5'end of arcA mRNA is used. In the presence of reverse 
transcriptase, the specific mRNA acts as a template and complementary DNA would 
be produced from the annealed primer region to the 5'end of the mRNA. The 
transcribed DNA is then analyzed on a denaturing polyacrylamide gel along with a 
sequencing ladder, which was sequenced with the same primer used in the primer 
extension reaction. The length of DNA from primer extension reflects the number 
of bases between labelled primer and the 5，end of arcA mRNA (transcriptional start 
point). With reference to the sequencing ladder, the position of transcriptional start 
point is determined. 
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^ ^ * P end-labelled 
Total RNAs arcAusp primer 
5 m R N A 、 ^ ^ ‘ 
of arcA 
arcAusp annealed 
specifically to arcX 
mRNA. 
5 ' 3 ' 
• 
complementary DNA 
entended from primer to 5’ 
end of arcA mRNA with 
y reverse transcriptase. 
5J 3 ' 
BM wmm wmm mmmmmmmmm 
^ ^ * 
primer extension product 
was analysed on a 
y denaturing polyacrylatnide 
gel along with a sequencing 
G A T C PE ladder. 
H i 
IHMi 
fig. 3 .1a. Schematic presentation of primer extension reaction 
of arc A gene by using arcAusp primer. 
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3.2 Method 
ArcAusp primer, with a 5'end hybridized to position #361 of the arcA gene 
in pFS34, was chosen as the primer used in primer extension reaction. Figure 3.1b 
shows the arcA sequence of S. typhimurium in pFS34 and the 5，region of cloned dye 
{arcA) gene and its amino acid residues of E. coli. (Drury and Buxton, 1985). The 
arcAcds primer primes within the translation region might be a better choice for 
primer extension reaction because its priming sites is downstream from all possible 
major or minor 5’ end of mRNAs. However, arcAusp primer was chosen in the 
experiment because region downstream from that primer may not have transcriptional 
initiation sites. Several putative -10 and -35 regions of the most common type of o^ o 
dependent promoter are only located at about 200-300 bp upstream from the arcAusp 
primer and no putative sequence is found downstream from arcAusp primer. 
Moreover, since the readable sequence of polyacrylamide gel is only about 200-300 
bp, arcAusp primer is a better choice as the primer extended putative transcript will 
fall within the resolving range of sequencing gel. 
For primer extension, total RNA was used as template. Total RNA were 
prepared from S. typhimurium JR502 strains harbouring pFZYl plasmid and pFS34 
plasmid in both aerobic and anaerobic condition. pFS34 plasmid is a recombinant 
plasmid with arcA gene from 5. typhimurium LT2. With the use of JR502 strains 
containing pFS34 plasmid, the proportion of template arcA mRNA to total RNA 
maight be higher and thus stronger signal from the primer extension. However, if 
errors occurred in cloned arcA during cloning procedure such as PCR-prone errors, 
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a r c A g e n e o f s• typbimurium In p F S 3 4 
GATCCTGTTCTTTGGATTCA TCACATTTATTAGTTGGCTT ACGTAACTAGTTGGAATATT 
20 40. 60" 
GCAAATTTGTGATGAAAGCT AGCATTTAGCTACGATGATT TCATCAAACTGTTAACGTGC 
80 100 
TACAATTGAACTTGATATAT GTCAACGAAGCGTAGTTTTA TTAGGTGTCCGGTACGTCTT 
140 160 180 
AGCCTGTTATGTTGCTGT魏 AAATGGTTAGGATGACAC^ig GTTTTTGACACTGTCGGGTg 
CAGAGGGAAAGTACCCACGA CCAAGCTAATGATGTTGTTG ACGTTGATGGAAAGTGCATC ^rcAuspS priming sequence 
260 280 300 
dye (arcA) g e n e of E. c o l i . 
TGTTACGCCGATCA TGTTAATTTGCAGCATGCAT • , , 
• • • ArcAusp / ArAusp2 
_ — priming sequence 
AAGAACGCAATTACGTACTT TAGTCA GA 
320 327 340 360 
S.D. region 
CAGGCAGGTCAGGGACCTTT TGTACTTCCTGTTTCGATTT AGTTGGCAATTTAGGTAGCA 
• • • 
* 
380 400 420 
ArcAcds priming sequence 
Met Gin Thr Pro Hid lie Leu lie Val Glu Asp Glu Leu Val 
AAC ATG CAG ACC CCG CAC ATT CTT ATC GTT GAA GAC GAG TTG GTA 
• • 
440 460 
Tbr Arg Asn Thr Leu Lys Ser lie Phe Glu Ala Glu Gly Tyr Asp Val 
ACA CGC AAC ACG TTG AAA AGT ATT TTC GAA GCG GAA GGC TAT GAT GTT 
——A 
480 500 
Phe Glu Ala Thr Asp Gly Ala Glu Met His Gin lie Leu Ser Glu Tyr Asp 
TTC GAA GCG ACA GAT GGC GCG GAA ATG CAT CAG ATC CTC TCT GAA TAT GAC • • • 
520 540 560 
Fig. 3.1b The sequence of arcA gene of 5. typhimurium in pFS34 and 
the 5' region of cloned arcA of JE：. coli. • ArcAusp, arcAusp2, 
arcAusp3 and arcAcds priming sites were indicated by arrows. 
The ~ i n d i c a t e the 5, to 3' primer sequence hybridize 
complementary to the sites. 
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misleading bands might be occurred. Therefore, with the aim of investigating the 
transcription mechanism of genuine arcA gene in S. typhimurium, controls such as 
JR502 with or without pFZYl should be included in primer extension reaction for 
comparison. 
3.2.1 Preparation of total RNA 
Cell culture 
Total RNA of S. typhimurium JR502 with pFZYl and pFS34 were prepared by the 
hot phenol method (Miller, 1972). Single colony on LB-amp50-xgal plate was 
inoculated in 1 ml LB-amp50 medium and grown overnight. 1 % overnight inoculum 
was transferred to 50 ml LB-MES-KOH medium with 50 /^g/ml ampicillin and 0.2 
% glucose. One culture was incubated at 37。C with shaking at 250rpm for aerobic 
growth. The other culture was incubated at 37°C anaerobically by using anaerobic 
jar with Oxoid gas generating kit. 
Hot phenol method 
The cultures were harvested when their O.D.^ oo reached 0.2-0.3 and they were kept 
in ethanol ice-bath for 10 minutes. Bacterial cells were collected by centxifugation 
at 4,000rpm for 5 minutes at 4。C and resuspended in 5 ml sodium acetate buffer. 
Afterwards, 10 ml of phenol saturated with same sodium acetate buffer was added 
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and the mixture was shaked in a 60。C water bath for 5 minutes. The aqueous phase 
was removed after centrifugation at 10,000rpm for 10 minutes and the phenol 
extraction procedure was repeated. The aqueous phase was adjusted to 0.1 M KCl 
by adding 4 M KCl. Then 2 volume of 95% ethanol was added and RNA was 
allowed to precipitated overnight at -20。C. After overnight precipitation, RNA was 
centrifuged at ll,000rpm for 30 minutes and washed with 70% ice-cold ethanol. 
RNA was resuspended in 200fil of 2xSSC solution and stored at -20°C. 
3.2.2 Formaldehyde agarose gel electrophoresis of RNA 
Formaldehyde agarose gel 
The 1% formaldehyde agarose gel was prepared with 0.3g agarose (Bio-Rad), 6 ml 
5x MOPS RNA buffer and 18.6 ml distilled water (Sambrook, 1989). The agarose 
was heated to dissolved by microwave oven and then cooled to 60®C. 5.4 ml 37% 
(12.3M) formaldehyde (UNIVAR) was added to make the final concentration to 2.2 
M. The gel was allowed to set at room temperature for at least 60 minutes before 
use. 
RNA samples was treated by formamide and formaldehyde 
RNA sample was denatured by formamide and formaldehyde. For 4.5 fil RNA, 2.0 
5x MOPS RNA buffer, 3.5 /d 37% formaldehyde and 10.0 fxl formamide (Sigma) 
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were added. The mixture was incubated at 55。C for 15 minutes and ice cooled 
immediately, 18 fxl denatured RNA with 2 fi\ loading buffer were used for gel 
electrophoresis. 
Formaldehyde agarose gel electrophoresis of RNA 
For electrophoresis, Ix MOPS RNA buffer was used as electrophoretic buffer. The 
gel was pre-run at 100 V for 10 minutes and then 20 fil samples was loaded. The gel 
was run at 100 V for about 1.5 hours until bromophenol blue move half way along 
the gel. Afterwards, the gel was stained in dark with 5 ng/ml ethidium bromide for 
5 minutes and destained in distilled water for 2 hours. RNA was viewed under UV 
light and photograph was taken using polaroid 667 film (ASA 3000). 
3.2.3 Spectrometric estimation of RNA 
The concentration of RNA was estimated by spectrometric measurement at 
O.D.260. Concentration of total RNA = 40 ng/ml RNA x dilution factor x O.D.260. 
In primer extension reaction, 5-10 ng mRNA was usually used. In prokaryotic cells, 
approximately 1-5% of RNA was mRNA. Usually, 10-50 fig of the total RNA was 
used in primer extension reaction. 
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3.2,4 End-labelling of arcAusp primer with 32P 
ArcAusp primer 
ArcAusp primer was used as the primer for hybridization to mRNA. It anneals to 
a sequence upstream of the coding region of ArcA protein. The 5'end of arcAusp 
primer (5，-GAT GCA TGT CGC AAA TTA ACA TGA TCG GCG TAA C-3’） 
matched position # 361 of pFS34 (fig. 3.1b) Besides arcAusp primer, a 
dephosphosphorylated <t)XV74 Hinfi DNA markers and a control primer were also 
end-labelling with ^^P. Control primer is a primer for the control RNA provided in 
the primer extension kit. The DNA markers, control primer and control RNA were 
provided in Promega primer extension system cat#E3030. End-labelling reactions 
were done with the end-labelling materials in the Promega primer extension system 
cat#3030. 
End-labelling reaction 
The labelling reaction mixture contained 2 of 10 pmoles primer, 1 /d of forward 
exchange lOx buffer, of [7-^ P^] ATP (lOmCi/ml) (Amersham) and 1 pX T4 
polynucleotide kinase (lOV/fxl) and 3 [ j lI of nuclease-free water. The mixture was 
incubated at 2>TC for 10 minutes and then heated to 90°€ for 2 minutes to inactivate 
the kinase. Finally, the concentration of primers was adjusted to 100 fmoles//xl by 
adding 90 fxl nuclease-free water. For the dephosphorylated 0X174 DNA marker, 
190 fxl nuclease-free water was added. 
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3.2.5 Precipitation of arcAusp primer with sample RNA 
The sample RNA needed to be concentrated since the primer extension 
reaction volume was only 20 fil. To concentrate the RNA, lO-SQfxg of total RNA was 
mixed with 5 /xl of the labelled primer. It was then adjusted to 0.1 M KCl with 0.4 
M KCl and 2x volume of absolute ethanol was added. The nucleic acid was 
precipitated at dry ice for 1 hour and centrifuged at 4。C. After rinsing with ice-cold 
70% ethanol and vacuum dry, RNA and labelled primer was resuspended in 6 ixl 
nuclease free water. 
3.2.6 Primer extension reaction. 
Primer extension reaction was performed with Promega primer extension 
system cat#E3030. Five fxl primer extension (PE) 2x buffer was added to 6 
resuspended sample RNA and labelled arcAusp primer mixture. For the provided 
control RNA, which was an in vitro transcription product of 1.2 kb in length, 1 fil 
(10 ng) of control RNA, 1 fil labelled control primer and 4 /xl nuclease-free water 
was mixed with 5 /xl primer extension (PE) 2x buffer. The mixture was mixed gently 
by pipeting up and down. The primer and RNA was annealed by heating the tubes 
940c for 30 seconds and 57。C for 20 minutes. Then the tubes were placed at room 
temperature to cool for 10 minutes. After cooling, 9 fil of the reverse transcriptase 
(RT) extension mix was added immediately. The RT extension mix contained 5 fil 
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PE 2x buffer, lAfil of 40mM sodium pyrophosphate, 1/xl of lU//xl AMV reverse 
transcriptase and 1.6 nuclease-free water. The primer extension reaction 
proceeded at 42。C for 30 minutes. The reaction was stopped by adding 20/xl loading 
dye to each tube and heated at 90°C for 10 minutes. The samples was stored at -20°C 
until gel analysis. 
3.2,7 Denaturing polyacrylamide gel electrophoresis of primer extension 
product along with sequencing ladder. 
Denaturing polyacrylamide gel mixture 
The primer extension products was analyzed on a 50 x 21 cm denaturing 
polyacrylamide gel containing 8 % acrylamide, 46% urea and 1 x TBE buffer. The 
gel was prepared by mixing 28 ml of 20% polyacrylamide stock (1:20 
bisacryalamide to acrylamide (BioRad) in 46% urea), 7 ml lOx TBE buffer and 35 
ml 46 % urea (Sigma). 0.1 mg ammonium persulfate was added to the above 
acrylamide-urea mix and solution was filtered through membrane filter (Schleicher 
and Schuell, 0.45 urn) and then the solution was de-gas for 15 minutes. The 
acrylamide gel was set up in the Sequi-Gen Nucleic Acid Sequencing System (Bio-
Rad). 
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Setting up the polyacryalamide gel 
Before pouring the gel, the glass plates were thoroughly cleaned with ethanol and the 
glass plate of the Integral Plate/Chamber (IPC) was wiped with a thin layer of 
Sigmacote solution (Sigma). The glass plate and the whole sequencing gel set-up 
were assembled according to the instruction manual provided by the manufacturer. 
Wedge spacers with thickness 0.25-0.75 mm were used. The acrylamide gel mixture 
was poured in between glass plate assembly by three steps. First, a 15 ml portion of 
gel mixture with 50 fxl TEMED was mixed and poured into the casting tray to seal 
the base of the assembled glass plates. After the base of assembled glass plates was 
sealed, 3 ml of gel mixture with 10 fil TEMED was added into the cavity between 
the two glass plates using a 50 ml syringe. This was to ensure the complete sealing 
of base and prevent leakage of the subsequent adding of gel mixture into glass plate 
cavity. Finally, 10 of TEMED was added to the remaining 55 ml acrylamide gel 
mixture and the mixture was loaded into the cavity of glass plates carefully and the 
gel was allowed to set at room temperature for at least 6 hours before use. 
Polyacrylamide gel electrophoresis ofRNA 
The gel was pre-run for 45 minutes to heat up to SCTC. Twenty yX of primer 
extension products were loaded into the well. A sequencing ladder and labelled 
dephosphorylated <^X174 Hinf I DNA marker was run alongside with the primer 
extension products. All samples were heated at 9(rc for 10 minutes immediately 
before loading to the gel. The gel was electrophoresed at 1750 volts in TBE Ix 
buffer until the bromophenol blue dye was 1 cm form the bottom of the gel. 
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Gel fixation and x-ray film development 
The gel was fixed with 10 % methanol and 10 % glacial acetic acid mixture for 30 
minutes. Then it was transferred to a filter paper (Whatman Nos. 1) and wrapped 
with plastic wrap. The wrapped gel was dried in vacuum gel dryer (Bio-Rad) at 80°C 
for 1 hour and expose to film (X-0MA1™, Kodak) for 24 hours at room temperature 
with a Kodak X-Omatic cassette. 
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3.3 Results 
3.3.1 Preparation of RNA 
The success of primer extension reaction depends on having good quality of 
starting material RNA. From the 1 % formaldehyde gel analysis of RNA of JR502 
with pFS34 and JR502 with pFZYl (fig. 3.3.1a) The two sharp bands of RNA 
represented the two major types of rRNAs in prokaryotic cell were found and this 
indicated that the RNA preparation was good with only minium denaturation. The 
spectrometric measurement of ratio O.D.260 to O.D.jgo for all samples were within 
1.97 - 2.02. The concentration of total RNA resuspended in 200 TE buffer of 
JR502 with pFZYl in aerobic condition, JR502 with pFS34 in aerobic condition, 
JR502 with pFZYl in anaerobic condition and JR502 with pFS34 in anaerobic 
condition were 3.00 /xg/ml, 2.48 ixg/ml, 4.85 /xg/ml and 3.91 /ig/ml respectively. 
3.3.2 Determination of the transcription start site by primer extension. 
From the polyacrylamide gel (fig. 3.3.2a, 3.3.2b) of JR502 with pFS34 
sample, two major transcripts were produced in anaerobic condition. With reference 
to the sequencing ladder, the transcriptional start point of this two transcripts 
corresponded to the position #219 and #220 of pFS34 sequence. Two faint 
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transcripts with start point at the same position as pFS34 was also found in the JR502 
pFZYl sample. Since JR502 pFZYl sample have no arcA containing plasmid, the 
transcripts was from the genomic arcA gene of Salmonella typhmuriim JR502. In 
aerobic condition, the two anaerobic expressed transcripts were only produced at low 
levels as shown as very faint bands in the gel. However, one new aerobic transcript 
was found which corresponded to the position #135 of pFS34 sequence. The position 
of the aerobic and anaerobic transcripts relative to the pFS34 were shown in fig. 
3.3.2c, 3.3.2d. 
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1 2 3 4 
I 
Figure 3.3.1a. Formaldehyde agarose gel analysis of RNA. Total RNA was 
prepared from JR502 harbouring pFZYl and pFS34 by phenol method and analyzed 
by 1% formaldehyde agarose gel as described in the experimental procedure. Lanes 
1, RNA from JR502 with pFS34 in anaerobic condition. Lanes 2，RNA from JR502 
with pFZYl in anaerobic condition. Lanes 3，RNA from JR502 with pFS34 in 
aerobic condition. Lanes 4，RNA from JR502 with pFZYl in aerobic condition. 
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Figure 3.3.2a. Primer extension analysis to locate the transcription start site of arcA 
in anaerobic condition. Lane 1-4 and 9-12 were DNA sequencing ladders generated 
with the same oligodeoxynucleotide used for the primer extension reaction. The 
oligodeoxynucleotide (arcAusp) 5，-GAT GCA TGT CGC AAA TTA ACA TGA TCG 
GCG TAA C-3，whose 5'-end would correspond, according to fig. 3.1b, to position 
361. Lane 5, transcripts obtained from JR502 harbouring pFS34 plasmid 
(pFZYliiarcA) in anaerobic condition. Lane 7, transcripts obtained from JR502 with 
pFZYl plasmid in anaerobic condition. Lane 6，as a control transcripts with 110 
base pairs, obtained from primer extension reaction of control RNA with control 
primer provided by Promega primer extension kit. Lane 8，（ X^174 Hinfl DNA size 
marker. For the primer extension experiment, 40 ug total RNA were used and 
annealing temperature was at 57°C. 
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Figure 3.3.2b. Primer extension analysis to locate the transcription start site of arcA 
in aerobic and anaerobic condition. Lane 1-4 and 9-12 were DNA sequencing ladders 
generated with the same oligodeoxynucleotide used for the primer extension reaction. 
Lane 14, aerobic transcripts obtained from JR502 harbouring pFZYl plasmid. Lane 
7，aerobic transcripts from JR502 with pFS34 plasmid (pFZYl::arc4). Lane 8 and 
13 anaerobic transcripts from JR502 witti pFS34 plasmid. Lane 6 anaerobic 
transcripts from JR502 with pFZYl plasmid. Lane 5, 0x174 Hinfl DNA size 
marker. 
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CTGGC TTGCA F A C T O R 
:cccc CCCC 严 
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-35 consensus -lo consensus 
I TTGACA TATAAT F A C T O R 
- •• •• TT 
？AGCCTGTTATGTTGCTGTTA AAATGGTTAGGATGACAGCC GTTTTTGACACT 
\ -30 -20 -10 +1 > 
\ z 
\ GATCCTGTTCTTTGGATTCA TCACATTTATTAGTTGGCTT ACGTAACTAGTTGGAATATT Z 
\ 一 • - ' . o ' ...o Z 
\ GCAAATTTGTGATGAAAGCT AGCATTTAGCTACGATGATT TCATCAAACTGTTAACGTGIZ^ 
\ T ‘。 • . ^ 
\ 5ACAATTGAACTTGATATAT GTCAACGAAGCGTAGTTTTA TTAGGTGTCCGGTACA^TT 
\ -•。 -f� • X 
AGCCTGTTATGTTGCTGTTA AAATGGTTAGGATGACAGCC GTTTTTGACACTGTCGGGTC 
-ao * +t 
CAGAGGGAAAGTACCCACGA CCAAGCTAATGATGTTGTTG ACGTTGATGGAAAGTGCATC 
AAGAACGCAATTACGTACTT TAGTCA.TGTTACGCCGATCA TGTTAATTTGCGACATGCAT 
CAGGCAGGTCAGGGAC*TTT TGTACTTCCTGTTTCGATTT AGTTGGCAATTTAGGTAGCA 
AAC ATQ GAG ACC CCG CAC ATT CTT ATC GTT GAA, GAC SAG TTO GTA 
ACA CGC A A C ACG TTG AAA ACT ATT TTC GAA GCQ GAA GGC TAT GAT GTA 
TTC GAA GCQ ACA GAT GGC (SCO GAA ATQ CAT CAO ATC CTC TCT GAA TAT GAC 
fig. 3.3.2c Comparison of putative sigma factor recognition site near 
anaerobic transcriptional start point 
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60 
6 FACTOR ctggc ttgca 
632 FACTOR CCCCC CC CC 
consensus -10 consensus 
670 FACTOR T TGACA TATAAT 
• . > • 
^CTACGATGATT TCATCAAACTGTTAACGTGC TACA^TTGAACTTGATAT 
-30 -20 -io +i 
GCAAATTTGTCATCAAAG^  
HCAATTGXXCTTGAIATAT -STCAACGAAGCOTACTTT!^ TTACGTaTCCGGTACGTCOT 
AOCCTGTTXTGTTGCTGTTX AXATGaTTXCGATGACAoS aTTTTTGXCXCTGTCGGGTC 
• to ^ 
OU^GOOAAAGTACCCACGX CCAXGCTJUITCXTOTTOTTO ACGTTGXTAAJUUUSTGCASC 
AAGAACOCaATTACGTXCTT TAGTCXTOTTXCtSCCOXTCX TGTT*ATTTGCGACATGCXT 
‘ i 
CXOGCAOGTCAGGGAC^TTT TGTXCTTCCTGTTTCGASTT ACTTGGCXXTNAGG<CXGCJL 
AAC ATO CXa ACC CCG CAC ATT CTT ATC GTT OXX GXC (UX3 TTO GTA 
• ， 
A C X C G C A A C A C Q T T O A X X A G T X T T T T C ( a m C C O ( U U l G G C T X T O X T O T X 
TTC GAA GCa ACX GAT OOC GCG OAX ATQ CXT CXG ATC CTC TCT GAX TXT GJIC 
Fig. 33.2d Comparison of putative sigma factor recognition | 






3.4.1 Selective activations of aerobic and anaerobic transcripts in response to 
oxygen level, 
Anaerobiosis induced the expression of transcriptional fusion of arcA-lacZ in 
pFS34 eight- to ten-fold (Wong, 1991 and chapter 4，this study). From the results 
of primer extension, it was found that this transcription of arcA in pFS34 did not 
belong to a classical repression or induction types, which were derepressed or were 
activated to initiate transcription at only a transcriptional start point in specific 
conditions. Instead, two different major transcripts were found to be activated or 
derepressed in aerobic and anaerobic conditions respectively. Apparently, in aerobic 
condition, the aerobic major transcript (al) was activated, but anaerobic major 
transcript (anl) was repressed to a great extent by some means. On the contrary, anl 
transcription is activated in anaerobic condition, but al transcription was totally 
repressed. This selective activation suggested that two specific regulatory 
mechanisms may be inolved in aerobic and anaerobic conditions. Moreover, arcA 
in pFS34 were anaerobic inducible, the promoter effectiveness of anaerobic transcript 
would be relatively stronger than that of aerobic transcript. Therefore, the 
transcriptional activation of arcA would be contributed from switching of weaker 
aerobic promoter to a stronger anaerobic promoter. 
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3.4.2 The arcA promoter is a sigma 70 dependent promoter 
When the upstream region was examined for the presence of the recognition 
sequences for sigma factor. No recognition sequence for sigma 60 or sigma 32 were 
found (fig. 3.3.2c, 3.3.2d). However, a putative -10 sequences (TAGGAT for 
anaerobic transcript and TACAAT for aerobic transcript) similar to the -10 consensus 
recognition site of sigma 70 dependent promoter (TAtAaT) were present. Another -
35 sequences (CTGTTA for anaerobic transcript and TTCATC sequence for aerobic 
transcript) was determined, which was only 50 % homologous to the -35 consensus 
of sigma 70 dependent promoter (TTGACa). It was guessed that the putative -10 
sequences were critical for the aerobic and anaerobic induction and might play the 
usual role in the direct contact of the sigma 70 dependent RNA polymerase and 
initiate open complex formation (Collado-vides et aL, 1991). However, the role of -
35 consensus might be substituted by other upstream activators. The possible role of 
i 













position of major aerobic transcripts and other minor transcripts could not be clearly 
j 
defined. Therefore, a more upstream primer, arcAusp3, whose 5，end at position 
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#261 of pFS34 can be used for additional primer extension analysis. On the other 
hand，as mentioned before, arcAusp primer was chosen with the assumption that no 
transcript would be found beyond that priming sites. In order to eliminate this 
possibility, arcAcds primer which primed within translation region may be tried. 
Total RNA was isolated from cells grown in a buffered medium, LB-MES-
KOH, with the addition of glucose in order to provide good growth condition for 
isolation of high quality of RNA. If catabolite effect occurred in arcA gene 
expression, the addition of glucose in culture medium might activate or repress some 
potential transcripts. However, this might not impose a serious problem in arcA gene 
expression because arcA transcription activities were unaffected by glucose as shown 
in j3-galactosidase activities of arcA-IacZ fusion (Wong, 1991 and Chapter 7，this 
thesis). 
！ 




I Chapter 4 
< 
rn vitro chemical mutagenesis of pFS34 for finding some important regulatory elements 
I 
j of arcA in pFS34 
i 
4.1 Introduction 
Primer extension analysis located the transcriptional start points of aerobic and 
anaerobic arcA transcripts at position no. 135 and position no. 220 respectively in 
cloned arcA. The next strategy to dissect transcriptional mechanism of arcA is to find 
out the important elements or regions that affect aerobic and anaerobic expressions 
of arcA. One approach of addressing the important regions is to subclone fragments 
of arcA and analyse their residual promoter activities. Those fragments can be 
generated by restriction enzyme digestion, PGR amplification with specific primers 
or exonuclease mediated 5，end nest deletion. The 5，end nested deletion analysis 
was conducted (Cheung, 1992). In the shortest deletion clones, which trimmed arcA 
gene from 5，end to position -48 with respect to anaerobic transcriptional start point, 
the anaerobic activities was totally abolished (Fig. 4.1a). This implied that the 
regulatory elements of arcA are several hundred bases upstream from anaerobic 
transcriptional start point. However, no further information could delimit the 
potential regulatory regions. In addition, transcriptional activity of arcA in pFS34 is 
unaffected by the common effectors as its expression was not affected by glucose, 
nitrate, or oxrA (fhr) mutation (Wong, 1991). Although some putative regulatory 
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1 
•35 sequence -10 sequence F n r b i n d i n g COnsensUS 
TTGACa TAtAat TTGAT ATCAA 
• . • • • • » • 參 • 番 眷 暑 • 鲁 參 
GAAAGCTAGCATTTAGCTACGATGATTTCATCAAACTQTTAACGTGCTACAATTGAACTTGATATATGTCAACG 
• • • • • 參 • 鬱 • 書 • • • • • • 會 
t at-at--tt-aattaAATCAA-aAgTTAg ta-X' 二 , " 一 
TTTPL. J. ASE Elemeent 
IHF binding consensus 
AATT ATTTAAT --AT 
5' end deletion clone 
ASE Elemeent -35 sequence -10 sequence 
AATT ATTTAAT--AT TTGACa TAtAat 
• * • • • • • • > • » • _ 耱 
AAGCGTAGTTTTATTAGGTGTCCGGTACGTCTTAGCCTGTTATGTTGCTGTTAAAATGGTTAGGATGACAGCCG 
Fig. 4.1a The putative regulatory elements oiarcA gene in pFS34» 
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sites，including putative consensus Fnr site locates at -75 to -88，putative IHF binding 
site locates at -97 to -139 and two putative ASE (anaerobic sense element) are 
suggested (Fig. 4.1a)，without any evidence or information, in vitro mutagenesis can 
provide a good strategy for demonstrating functionally important features of cloned 
arcA in pFS34. 
In vitro mutagenesis was conducted with the mutagen, nitrous acid. Nitrous 
acid deaminates deoxycytocine, deoxyadenosine, and deoxyguanosine, changing these 
bases to deoxyuridine, deoxyhypoxanthine, and deoxyxanthine, respectively (Myers 
er al, 1985). The mutated bases will then be stabilized by the polymerase chain 
reaction (PGR). The treated DNA changes the bases from C to T and A to G. The 
PCR-mediated Chemical (PMC) mutagenesis procedure (Fig. 4.1b) followed that 
described in Diaz et al., (1991) strategy. 
The mutagenized arcA promoter was cloned into the promoterless pFZYl 
plasmid for expressing its promoter activity. One of the difficulties for the random 
mutagenesis of pFS34 is the screening for single point mutation that seriously affects 
the promoter activity of arcA cloned in pFZYl. pFZYl is a low-copy-number vector 
with multiple restriction site linker of M13mpl8 inserted upstream from a 
promoterless /J-galactosidase (/3Gal)-coding lacZ gene. (Allen et al” 1987). When 
the arcA promoter is inserted into the multiple cloning site and the promoter activities 
of arcA will drive the transcription of lacZ, jS-galactosidase produced will change x-
gal into a blue coloured substance. Therefore, the recombinant clones with active 
arcA promoter activities can be identified as blue colonies on LB-amp-xgal plates 
against the white non-recombinant pFZYl background. However, it is difficult to 
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T pFS34 丨 
A. Chemical mutagnesis 
T 
EcoRI-ext primer 
GalK-54 primer PFS34 
w 
B. PGR stabilization and 
T amplification ofarrA 
fragment 
C. Digestion with Sail and EcoRI 
©restriction enzyme and recloned into pFZYl plasmid. 
Fig. 4.1b The PCR-mediated chemical (PMC) mutagenesis. 
A« pFS34 plasmid was treated with nitrous acid. The plasmid harbored modified bases (*) 
distributed throughout the target and vector sequences. 
B. A pair of PGR primer (EcoRI-ext and GalK-54) was used to amplify arcA fragment, thus 
resolving modified nucleotides into stably hydrogen-bonded, conventional DNA base pairs (•). 
C. After cleavage with EcoRI and Sail restriction enzymes, library of mutagenized arcA was 
constructed by ligation into new pFZYl plasmid. Single point mutated clones with alltered 
promoter activities were then screened out by 6-gal assay, SSCP, PGR and sequencing. 
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distinguish the target clones which contain mutated arcA with altered promoter 
function. For up-mutation in arcA promoter, the colonies will appear as deep blue 
in LB-amp-xgal plate. However, the colour intensity of this anaerobic inducible arcA 
clones may be affected by other factors such as crowdiness of colonies. On the other 
hand，if the arcA promoter is down-mutated, the pale blue or white coloured colonies 
are difficult to be distinguished from the white non-recombinant pFZYl. Therefore, 
it is difficult to identify the desired mutated clones only by observation on LB-amp-
xgal plate. To identify arcA promters with single point mutation which alter in 
promoter activities, several methods were used. It included the combination of a) 
PCR screening of recombinants, b) b-galactosidase assay of the promoter activities 
changes of arcA, c) the single-stranded conformational polymorphism technique 
(SSCP) for detection of single point mutations and d) sequencing. 
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象 4.2 Methods 
4.2.1 Large scale preparation of pFS34 plasmid 
Alkaline lysis method as previously described (Bimboim, 1983) was used for 
preparating pFS34 plasmid. Since pFS34 plasmid, which is a pFZYl-arcA plasmid, 
was a low-copy number plasmid (Allen et al, 1987), larger amount of cell culture 
(1-2 liter) were used for preparation of plasmid. 
Growth of cell culture 
JR502 strain with pFS34 was first checked for the presence of the appropriate plasmid 
by direct PGR and restriction enzyme cut of plasmid DNA prepared at a small scale. 
A single colony from a LB-amp-xgal plate was inoculated in 1ml LB-amp50 medium 
and grown overnight at 3TC in rotary drum. 1 % inoculum was transferred to fresh 
15 ml LB-amp50 medium and grown overnight. Then 2 ml of overnight culture was 
transferred to 200 ml LB medium with 200/ig/ml ampicillin in a one-liter-flask. 
Totally, one liter of culture was grown at 37°C with shaking at 250rpm for 5.5 hours. 
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Preparation of crude plasmid solution by alkaline lysis 
The cell culture was chilled in ice for 10 minutes. The cells were then pelleted at 
4000rpm for 10 minutes and resupended in 30 ml TE (pH 8.0). Sixty ml fleshly 
prepared lysis buffer (0.2 M NaOH, 1 % SDS) was added, mixed gently and left in 
ice for 10 minutes until complete cell lysis. Afterwards, 45 ml ice-cold 3M 
NaAcetate (pH 4.8) was added and mixed quickly but gently. Some white flocculent 
SDS salt-protein-chromosomal DNA precipitate would be seen in the vigorous lysate. 
The mixture was left in ice for a further 20 minutes and then centrifuged at 11,000 
rpm for 25 minutes at 4。C. The supernatant was saved in a new centrifuge bottle and 
a equal volume of cold isopropanol was added. Precipitated DNA was recovered by 
centrifugation at 11，OOOipm for 25 minutes at 4。C. The DNA pellet was then washed 
with 70 % ice-cold ethanol, vacuum dried, and resuspended in 6 ml TE buffer (pH 
8.0). 
Purification of plasmid by CsCl density gradient ultracentrifugation. 
The crude plasmid solution was transferred to a clean 30 ml convex tube. 8.92 g of 
CsCl salt was added to the plasmid and mixed until it was dissolved. The CsCl-
plasmid solution was transferred to a new tared 30 ml convex tube wrapped with 
aluminium foil and the solution volume was noted. Afterwards, 0.8 ml of EtBr 
solution (lOmg/ml) was added. The density of the solution could be estimated by 
dividing the weight of the solution to volume of solution. The density of CsCl-EtBr-
plasmid solution was adjusted to 1.57 g/ml with TE buffer (pH 8.0). For accurate 
measurement of density, 1 ml of solution was transferred to a tared eppendorf tube 
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and the weight was noted. The solution was then loaded into two 5ml-polyallomer 
tubes and centrifuged at 70,000 ipm for 5 hours at 25。C with Beckman XL-80 
ultracentrifuge. Close circular plasmid stacks with less EtBr and formed a band at 
a lower position at which higher CsCl concentration gradient is higher, than 
chromosomal or nicked DNA. The plasmid bands were visualized under long wave 
UV and recovered by suction into a 1 ml syringe with a Terumo needle of 1.10x38 
mm. Ethidium bromide was extracted by water-saturated butan-n-ol until no pink 
colour remained. The CsCl salt was then removed by centicon-30™. The quality 
and quantity of the plasmid solution were estimated by gel electrophoresis and 
spectrometry (Section 3.2.3) 
4.2.2 PCR-mediated chemical mutagenesis of pFS34 
In vitro chemical mutagenesis of pFS34 plasmid with nitrous acid 
The chemical mutagenesis procedure was modified as previously described (Myers 
et al” 1985; Diaz et al., 1991). The reaction mixture contained 10 fig of pFS34 
plasmid solution in 250mM NaAcetate, pH 4.3 and l.OM sodium nitrite. For a 60 
fil reaction volume, 42 of pFS34 was mixed with 6 /xl 2.5 M NaAcetate (pH 4.3) 
and 12 /d of 5 M sodium nitrite. The reaction was allowed to proceed at 24°C. At 
different time points (5 min., 10 min., 20 min., 30 min., 50 min.，80 min., 120 
min” 150 min” 200 min. and 320 min), 5 fil portion (1 fig of DNA) was withdrown 
to a new eppendorf tube, diluted into 20 fxl TE buffer (pH 7.5) and neutralized with 
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20 Ml of 2.5 M sodium acetate (pH 7.0). After the addition of 1 ；.g E.coU, transfer 
RNA，2 volume (110 /.I) of absolute ethanol was added and DNA was allowed to 
precipitate overnight at -20。C. It was then centrifuged, washed with ice-cold 70% 
ethanol，vacuum dried, and resuspended in 5 fil TE buffer (pH 8.0). 
Stabilization and amplification of mutated pFS34 plasmid with polymerase chain 
reaction (PCR) 
Each fraction of mutagenized DNA with different mutagenesis time was separately 
amplified using PCR with EcoRI-ext and GalK-54 primers. These two primers were 
specially designed primers (Wong, 1991) which were complementary to the regions 
immediately flanking the multiple cloning site of pFZYL Therefore, the complete 
arcA insert cloned in pFZYl could be amplified (Fig. 4.2.2a). 
Polymerase chain reaction (PCR) was done in 10 reaction volume which 
contained 1 x PCR buffer, 0.2 mM dNTPs, 1 ^ tM EcoRI-ext primers, l/^M GalK-54 
primer, 1 template DNA, 2.5U Tag polymerase. The PCR reagents were all from 
the GeneAmpTM d n A Amplification Reagent Kit purchased from Perkin Elmer-Cetus, 
Norwalk, U.S.A. Reaction mixture was overlaid with mineral oil (Sigma) and 
subjected to 35 cycles of PCR amplification in a Cetus 480 thermocycler. Each cycle 
contained denaturation at 92°C for 30 seconds followed by primer annealing at 60®C 
for 1 minutes and elongation at 70°C for 3 minutes. After 35 cycles PCR 
amplification, one additional cycle with elongation at 70。C for 10 minutes was 
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 A ： ‘ … 如 威 
„ “尸 g e n e cloning site 
UxoRI-ext primer sequence 
• • 
GTATCACGAGGCCCTTTCGTCTTCAA£iAAnilGAGCTCGm:Ai:CCGGQiiAm:TCTAGA 
EcoRI Kpnl BamHI 
OICgACCTGCAGGCATGCA A O^TT^CTCCCCATCCCCCCGGGGGCAATAAGGGCTGCACG 
Sail SphI Hindlll 
GCGCACTTTTATCCGCCTCTGCTGCGCTCCGCCACCGTACCGTAAAITTATGGITGGTTA 
GalK-54 priming sequence 
Fig. 4.2,2a Nucleotide sequence on both side of multiple cloning sites of 
pFZY l in which arcA gene inserted. 
) 
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4.2.3 Restriction enzyme digestion of PCR-amplified arcA insert after phenol 
extraction. 
Phenol extraction and isopropanol precipitation 
The amplified arcA insert was purified from the PGR reagents by 
phenol:chloroform:isoamyl alcohol (25:24:1) extraction and precipitated with the 
addition of equal volume of isopropanol to the recovered aqueous phase. Then DNA 
was resuspended in 6 /xl double distilled H^O and subjected to restriction enzyme 
digestion. 
Restriction enzyme digestion 
The amplified arcA insert was digested with restriction enzyme EcoRI and Sail in 
order to create compatible cohesive ends for ligation with EcoRI-Sall digested pFZYl 
for expression its promoter activities. The reaction mixture contained 6 [A DNA, 1/xl 
of lU EcoRI (Biolab), l/d of lU Sail (Biolab) and 2 yX 5x KGB. The reaction was 
proceeded at optimum temperature of 37®C for 12 hours. Afterwards, the enzymes 
were inactivated by heating at 65°C for 20 minutes and DNA was purified by phenol 
extraction and ethanol precipitation. 
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4.2.4 Large scale preparation of vector pFZYl and restriction enzyme digestion. 
JR502 with pFZYl was checked for the presence of pFZYl by small scale 
preparation and then pFZYl DNA was prepared in large scale by the procedure 
previously described for the recombinant plasmid pFS34. (Section 4.2.1). pFZYl 
DNA was then digested with EcoRI-Sall restriction enzyme (Section 4.2.3) to create 
compatible ends to ligate with digested arcA insert. 
4.2.5 Ligation of EcoRI-Sall digested arcA fragment and vector pFZYl 
Vector DNA (pFZYl) and insert DNA {arcA fragment) were Ugated in a 
molar ratio of 1:3 in a reaction volume of 10 lA. The ligation mixture contained 
appropriate amount of vector DNA, insert DNA, 1 x T4 DNA buffer (BioLabs) or 
2 /xl 5 X KGB & 1 of 0.01 M ATP, 20 U T4 DNA ligase (BioLabs). The ligation 
mixture was incubated at 12-15°C for 16-24 hours for cohesive ends ligation. After 
ligation, the ligated DNA in the reaction mixture was directly used for transformation 
without any purification. 
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4丄6 Preparation of electrocompetent cell from Salmonella typhymurium JR502 
and electro-transformation 
Preparation of electro-competent cell 
Preparation of competent cells for high efficiency electro-transformation followed the 
procedure as was described (Dower et al., 1988). 1 % overnight culture of S. 
typhymurium JR502 was inoculated into 300 ml SOB medium in a one-liter flask. 
The culture was incubated at 37。C with shaking at 250 rpm for about 2 hours until 
O.D.600 of 0.4 -0.5. and the cell culture was chilled in ice for 15 minutes. The cells 
were centrifuged at 4000rpm for 10 minutes and resuspended in 300 ml cold, low 
ionic strength wash medium (ImM HEPES buffer (pH 7.0) or doble distilled water). 
The suspension was centrifuged again and resupended in 150 ml cold wash medium. 
After washing with low ionic strength wash medium twice, the cells were pelleted by 
centrifugation and resupended in 6 ml 10% ice-cold glycerol solution. The glycerol 
suspension was then centrifuged again and finally resuspended in 300 jul 10% ice-cold 
glycerol. Aliquots of 40 jul cell suspension were distributed into 1.5 ml eppendorf 
tube, quick frozen by liquid nitrogen and stored at -7Q。C. 
Electro-transformation (Electroporation) 
A 40 protion of electro-competent cells was thawed in ice for 5 minutes. Then 1 -
2 /il transformed DNA was added and mixed well. The mixture was transferred into 
an electro-cuvette (BioRad, gene pulser cuvette, 0.2cm electrode gap). 
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Electroporation was done with the Gene Pulser apparatus (Bio-Rad) and the pulse 
settings followed that in the instruction manual recommended for electro-proration of 
五.col i cells. The Gene Pulser apparatus was set at 25^? and 2.5 kV and the Pulse 
controller was set to 200 fi. A pulse of the above setting was applied across the 
cuvette. Afterwards, 1 ml of SOC medium was immediately added into the cuvette 
and mixed well with a sterilized pasteur pipette for rescuration of the transformed 
cell. The cells in SOC medium was transferred to a sterilized test tube and incubated 
at 2>TC for 45 minutes with shaking in a rotary drum. The transformed cells were 
then plated on a selective medium. 
4.2.7 Screening of transformed clones by LB-amp50-xgal plates. 
For generation of recombinant libraries of mutant arcA from each mutagenesis 
time point, each ligation mixture from a different time points was electroprorated 
separately and plated on LB-amp50-xgal plates to screen for transformants. Some 
plates were incubated in aerobic condition at 37。C for 24 hours to preliminarily 
identify putative target recombinants with mutation in arcA which altered its promoter 
activities in aerobic condition. On the other hands, some plates were incubated in 
anaerobic jar with Oxoid gas generating kit to identify those with altered anaerobic 
activities. The transformation efficiency was calculated by transforming uncutted and 
untreated pFS34. Transformation efficiency equals the number of transformants per 
jxg of DNA used. 
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Screening of recombinants colonies by PGR. 
EcoRI-ext and Galk-54 primers which flanked immediately outside the multiple 
cloning sites were used as primers in polymerase chain reaction for checking the 
presence of arcA promoter. For efficient checking, the template DNA was directly 
obtained from heat-lysis of cell. 
Prepare DNA template directly from a colony 
A single colony from LB-amp50-xgal plate was picked with a sterile loop and the 
cells were dispersed in 25 /xl of TE ( 50 mM Tris.HCl, pH 8.0, ImM NaEDTA). 
The cell suspension was heated at 95。C for 5 minutes and cooled at room 
temperature. It was then centrifuged in a microfuge at high speed for four minutes. 
One fil of the supernatant was withdrawn for use as template in PGR reaction. 
Polymerase chain reaction (PCR) mix 
A 10 /xl reaction of polymerase chain reaction contained 1 jlcI lOx PCR buffer, 1 /xl 
2mM dNTPs, 0.25 /xl ( luM ) of primer 1 (40 /zM), 0.25 A^ (1 yM) of primer 2, 1 
lA DNA template and 0.05 yX (0.25 U) Amplitaq (5 U Master mixes of primers, 
lOx PCR buffer, dNTPs, Amqlitaq were prepared if several colonies were screened. 
The primers were first heated at 65°C for 2 minutes. Then suitable amount of 
ddHjO, dNTPs and PCR buffer were added immediately to mix a master mix. Before 
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adding Amplitaq, the master mix was heated at 95。C for 5 minutes. After cooling 
to room temperature, a suitable amount of enzyme was added and the mixture was 
centrifuged briefly. Nine /.I aliquots from the master mix was then transferred to a 
new 0.5 ml eppendrof tube. One /xl template was added and the mixture was 
centrifuged briefly. The reaction mixture was then overlaid with one drop of mineral 
oil and subjected to 35 cycles of PCR amplification in a Cetus thermocycler. 
PCR amplification 
Each cycle contained denaturation at 94。C for 1 minute followed by primer annealing 
at 57。C for 1 minutes and elongation at 72。C for 3 minutes. After these 35 cycle 
PCR amplification, one additional cycle with elongation at 72。C for 10 minutes was 
followed. 2 lA of loading buffer was added to PCR product and analyzed by 1.8 % 
agarose gel electrophoresis. 
Agarose gel analysis of PCR products 
Electrophoresis with 1.8% agarose gel was used for the analysis of PCR products. 
1.8 g agarose (NuSieve agarose, FMC) was heated in 100 ml Ix TBE until all 
agarose particles dissolved. After cooling to about 50°C, the gel solution was poured 
into a casting tray and left at room temperature or at 4°C until it was hardened. The 
comb was carefully removed and the gel was placed in a electrophoretic tank with Ix 
TBE buffer just covered the gel. Ten fx\ of sample with 2 yX of loading buffer was 
loaded into the well and electrophresed with DNA markers. The gel was run at 1 to 
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10 V/cm of gel until the bromophenol blue dye reached about 1 inch from the end of 
the gel. The agarose gel was then stained in 0.5 ^g/ml ethidium bromide solution for 
30 minutes and then destained in water for 30 minutes. The ethidium bromide stained 
DNA fluoresces under U.V. illumination and the gel was photographed with a 
polaroid MP4 camera and Polariod type 667 film (ASA 3000). 
4.2.9 Screening of single-point mutation clones by single stranded 
conformational polymorphism (SSCP) 
End-labelling of primers with 即 
EcoRI-ext primers, which flank the multiple cloning site and the internal primer 
arcAusp2 were used. The primers were end-labelled with the end-labelling kit of 
Amersham. For 10 i\ reaction volume in a 0.5 ml eppendorf tube, 1.0 jA EcoRI-ext, 
1.0 /xl of arcAusp2 (5 pmole each), 1.0 /xl lOx phosphorylation buffer, 6 /U [y-^F] 
ATP (lOmiCi/ml) and 1 ^il T4 polynucleotide kinase (lOU/ml) were added. The 
mixture was pipetted up and down to mix and incubated at 3TC for 30 minutes. 
Labelled primer-PCR master mix 
To the above 10 i\ labelled primers, 20 lOx PGR buffer, 10 fil dNTPs (1.25mM), 
16 jul MgClj (25mM), 1 fxl of Amplitaq (5U//xl) and 258 fil ddHjO were added. The 
total volume of 180 fxl labelled primer-PCR mix would contain Ix PGR buffer, 
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0.0625 mM dNTPs, 2mM MgCl, and 5U of Amplitaq. After mixing of solution by 
pipetting up and down, 4.5 /.l was pipetted to a new 0.5 ml eppendorf and 0.5 ；.1 
template DNA was added. The template DNA was obtained by heat-lysis method 
from single colony. (Section 4.2.8). One drop of mineral oil was overlaid and the 
mixture was subjected to PGR amplification. 
PGR amplification 
PCR cycle was the same as previously described (Section 4.2.8). After PGR 
amplification was completed, 45 /xl formamide loading dye was added to denature the 
amplified double-stranded DNA to single-stranded DNA. 
Non-denaturing polyacrylamide gel electrophoresis at low temperature. 
Non-denaturing acrylamide gel (6%) was prepared by mixing 15 ml 40% acrylamide 
solution, 0.12 g BIS, 3.72 ml lOxTBE，525 fA 10 % ammonium persulfate solution. 
The gel mixture was made up to 75 ml with H2O, filtered through membrane filter 
(Schleicher and Schuell, 0.45 fim) and de-gas for 10 minutes. The gel was set up in 
the Sequi-Gen Nucleic Acid Sequencing System (Bio-Rad) with the use of 0.4 mm 
spacers. The detailed procedure for setting up the gel was described in Section 3.2.7. 
The gel for SSCP-electrophoresis was kept cold during electrophoresis so that 
the formamide-denaturated single-stranded DNA would form secondary structure. 
Single point mutation might induce subtle conformational change in the secondary 
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structure and could be resolved by polyacrylamide gel electrophoresis. Therefore, 
pre-warming the gel was necessary. On the contrary, cold Ix TBE buffer was used 
as electrophoretic buffer and the whole gel set-up was placed in a cold room during 
electrophoresis. 2 /.l of PGR product in formamide dye was heated at 8(K： before 
loading into the well. The gel was run at constant voltage of 1200 V or at constant 
power of 30W until the xylene cyanol dye reached the bottom. 
4.2.10 Screening of arcA mutant clones with altered promoter activities 
by jS-gal assay 
Growth of cell culture 
Strains to be assayed was grown overnight in LB-amp50 medium. Then 1% 
inoculum was inoculated in 1 ml of test medium and grown aerobically at 37。C with 
shaking at rolling drum. Another 1% inoculum was inoculated in 1 ml of the same 
type of test medium and grown anaerobically at 37°C in anaerobic jar with Oxoid gas 
generating kit which generated atmosphere of 95% H�and 5% COj. Each clone was 
cultured in triplicate. The cell cultures were harvested and put in ice for 10 minutes 
before assay at O.D.^oo of 0.3 -0.7. 
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P-gal assay 
The /5-galactosidase assay procedure was as previously described (Miller, 1972). For 
0-gal assay, 0.5 ml cell culture was used for measuring the cell density at O . D ^ 
against a medium blank. For the other 0.5 ml cell culture, 7.5 toluene was added 
and vortexed vigorously for exactly 15 seconds. It was then left at 2>TC for 40 
minutes to evaporate toluene from the cell culture and then kept in ice for 10 minutes. 
0.1 ml of the toluenized cell culture was added to 1.1 ml Z-buffer in a new test tube 
and the solution was equilibrated at 30。C in water bath. A blank with the test medium 
instead of cell culture was also included. The reaction was started after adding 0.3 
ml of the substrate, ONPG (o-nitrophenyl galactoside, 4mg/ml in 0.1 M phosphate 
buffer), which was also equilibrated at 30。C. The reaction mixture would turn yellow 
gradually. When the yellow colour formed in the reaction mixture was sufficient to 
produce an absorbance at 420nm of 0.3 -0.9, 0.75 ml of 1 M NazCOg solution was 
added to provide an unfavourable pH to stop the enzymatic activities. Reaction time 
was recorded. The tubes was then put in ice for at least 10 minutes before the 
O.D.420则 was measured using a 1 cm cuvette with a spectrometer (Milton, A601). 
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The units for /5-galactosidase activities was expressed as Miller's Unit and 
defined as follows: 
i) Absorbance at 420nm / ml of toluenized cell = 
O . D 偏 X 2 . 2 5 a / 0 . 1 b 
ii) nmoles of ONP / ml = 
O.D.420nn, X 1 / 0.0045 nmoles。 
iii) nmoles of ONP / ml. m in .= 
nmole of ONP /ml 
reaction time (mins.) 
iv) specific activity (Miller，s Units)= 
nmoles of ONP / ml. min. 
O.D.600 
1 
"2.25 w a s t h e final assay volume after addition of NasCO，. ''0.1 
was t h e v o l u m e of toluenized cell culture for assay.。工 nmole / 
ml o - n i t r o p h e n o l (ONP) corresponds to 0.0045 absorbance units at 
4 2 0 n m . 
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4.2.11 Sequencing of the mutant clones 
4丄11.1 Recombinant M13 single-stranded sequencing of the mutant clones 
Preparation of mutant arcA insert for subcloning into M13mpW19 / JMIOL 
The mutant clones were first sub-cloned into M13mpl8 and/or M13mpl9. The 
subcloning procedure required the following steps as described in previous sections. 
First, the mutant arcA insert was amplified by direct PCR, checked by agarose gel 
electrophoresis and then purified by phenol extraction and ethanol precipitation. 
Afterwards, it was digested with EcoRI-Sall restriction enzyme (Section 4.2.3). At 
the same time, M13mpl8/mpl9 DNA was prepared (Section 4.2.1), digested with 
same restriction enzymes and ligated with the digested mutant arcA insert (Section 
4.2.5). The ligation was transformed into E.coli. JMlOl competent cell by heat-
shock transformation. 
Preparation of heat-shock competent cell ofE. coli. JMlOl 
The heat-shock transformation efficiency could reach 2 x 10^  clones/辟 DNA used. 
Since only several recombinant M13 clones were required for sequencing, the time-
efficient heat-shock transformation was chosen. The procedure for preparation of 
heat-shock competent cell was modified from that described in Ryu and Martin, 1990. 
Single colony of JMlOl from M9 + Thiamine + glucose plate was inoculated in 1 
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ml LB medium and grown 6 hrs at 37�C. 0.1 ml culture was transferred into 5 ml 
of LB broth and inoculated at 37�C with shaking for 2 hours until O . D , , = 0.2 _ 
0.3. The cells were collected by low speed centrifugation and resuspendeded in 2.5 
ml of ice-cold 100 mM CaCl,. The suspended cell solution was kept in ice for 20 
minutes and the cells were collected by low speed centrifugation again. Finally, the 
cells were resuspended in 0.3 ml of ice-cold 100 mM CaCl^ in a 1.5 ml eppendorf 
tube. 5 fil of ligated recombinant M13 plasmid DNA solution was added to the 
competent cells, mixed and then sat in ice for at least 30 minutes before 
transformation. 
Heat-shock transformation 
The competent cell with ligation mixture was heat- shocked at 42°C water bath for 
3 minutes and then put in ice bath for 5 - 10 minutes. 0.7 ml of SOC medium was 
added to the eppendorf tube and transferred to a sterilized test tube. The cells were 
incubated at 37°C with shaking for 30 minutes and then plated on selective medium. 
Plating of transformed recombinant M13. 
The transformed cells were serial diluted to suitable concentration and mixed with 3 
ml top agar, 16 jxl x-gal (50 mg/ml), 10 fxl IPTG and 200 fxl plating JMlOl cell at 
47�C. The mixture was then poured onto LB plate and incubated at 37�C for 12 
hours. The recombinants would appear as white plaques against non-recombinant 
blue M13 plaque. Each plaque was picked with a sterilized loop into 1.5 ml 2YT 
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medium. After incubating at 37�C with shaking for 4.5 hours, the cells were 
removed by centrifugation and phage solution was stored at 
Di 贿 agarose gel electrophoresis and Complementary test (C-test) ofssDNA ofMlS 
clones. 
Direct agarose gel check was a quick method to check for the presence of right insert 
in the suspected recombinant M13 phage. To 20 fd M13 phage solution, 2 2% 
SDS was added. The mixture was incubated at 65�C for 20 minutes to denature the 
protein coat and release the single-stranded DNA. The size of DNA was estimated 
with 1 % agarose gel matching with ssDNA controls of known sizes. C-test was used 
to check the orientation of insert in M13 phage. The phages to be checked and 
phages with insert of known orientation were mixed, 2% SDS was added and 
incubated at 65�C for 20 minutes to release the ssDNA. After incubation, 1 of 5M 
NaCl was added and incubated at 65�C for additional 10 minutes. If the inserts of 
phages had opposite orientation, it would anneal to form dsDNA, the overall 
conformation of annealed phages would migrate slower in the 1 % agarose gel. 
Preparation of single stranded template from recombinant M13 phage. 
A mixture of 100 /xl phage stock (1-5 x pfu/ml) and 200 /d JMlOl (5 x 
cells/ml) was incubated in 15 ml 2YT medium at 37�C for 4.5 hours with shaking at 
250rpm. The cells were centrifuged at 4000rpm for 10 minutes and the supernatant 
of phage was recovered. A portion of 3.7 ml of 20% PEG 8000 in 2.5 M NaCl was 
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added to phage solution and the mixture was kept on ice for 1 hour. The precipitated 
phage was centrifuged down at 10,000 rpm for 20 minutes and resuspended in 1.5 ml 
TE buffer (pH 8.0). An equal volume of phenol was added to denature the phage 
coat and residual enzymes. After inverting the eppendorf tube several times, the tube 
was incubated at 65�C for 15 minutes to facilitate protein denaturation. The aqueous 
phase was transferred to a new eppendorf tube and extracted by 
phenol:chloroform:isoamyl alcohol = 25:24:1 for two times. Finally, the aqueous 
phase was extracted with chloroform once more. Single stranded DNA was 
recovered by adding 1/10 volume of NaAcetate and 2.5 volume of absolute ethanol 
for overnight and resuspended in 30 fil TE. Quality of ssDNA was checked by 
agarose gel electorphoresis. 
Sequencing reaction using single-stranded DNA as template. 
AU the reagents for dideoxy sequencing were purchased from Pharmacia in 
^Sequencing™ kit and the procedures of sequencing reaction was followed that in the 
instruction manual. The procedures would be divided into two parts : annealing 
reaction and labelling reaction. In the annealing reaction, 10 /xl of M13 ssDNA 
template (1-2 jitg) was mixed with 2 yl of the suitable primer (0.8 yM) and 2 /xl 
annealing buffer. The mixture was incubated at 65°C for 10 minutes and cooled at 
room temperature for at least 10 minutes before centrifuging briefly. Three 
labelling mix, 1 M S (10 fxCi) and 2 fxl diluted T7 DNA polymerase (1.5 
V/fxl) were added to the annealed primer-template mixture. The labelling mixture 
was incubated at 37�C for 5 minutes. While this incubation was in progress, 2.5 
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of four sequencing mixes which contained ddGTP, ddATP, ddTTP and ddCTP in 
four eppendorf tubes were warmed at 3 r c and 4.5/xl incubated labelling mixture was 
added at the side of each of the four eppendorf tubes. The five-minute labelling 
reaction was stopped by a brief centrifugation to mix the sequencing mix and labelling 
mixture. The four reaction mixes were incubated for another five minutes for chain 
termination and then 5 /xl stop solution was added. They were stored at -20°C. 
Three each of the four (GATC) reactions was loaded in adjacent lanes of 6% 
denaturing polyacrylamide gel for electrophoresis (Section 3.2.7) 
4.2,11.2. pUC18 double-stranded D N A sequencing of mutated clones. 
Preparation of mutated arcA for subcloning into pUC18 / JM83. 
The mutated clones were subcloned into pUC18 and the procedure was as previously 
described (Section 4.2.11.1). The mutated arcA insert was amplified by PGR, gel 
checked and purified by phenol extraction and ethanol precipitation. Then it was 
digested with EcoRI and Sail restriction enzymes and ligated to the digested pUC18. 
The ligation was transformed into E.coli JM83 by heat-shock transformation. The 
transformant was plated on LB-amp50-xgal plate and recombinants appeared as white 
colonies. Putative recombinants could be confirmed by PGR or by mini-preparation 
amd agarose gel electrophoresis of plasmid DNA. 
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Preparation of recombinant pUCI8 plasmid by QIAGEN 
Recombinant pUC18 plasmid was prepared using QIAGEN-tip-20. The buffers were 
prepared as described in the instruction manual. The bacterial pallet from 1 ml 
culture of recombinant pUC18 in LB-amp50 medium was resuspended in 0.3 ml 
buffer PL Then 0.3 ml of buffer P2 was added to lyse the cell and the mixture was 
incubated at room temperature for 5 minutes. After the cell was lysed completely, 
0.3 ml of buffer P3 was added and mixed immediately but gently. White SDS-
protein-chromosomal DNA would form and removed by centrifugation at 10,000rpm 
for 20 minutes at 4�C. The supernatant was saved to a new tube and applied to 
QIAGEN-tip 20 which was pre-equilibrated with 1 ml buffer QBT. The tip was then 
washed with 1 ml buffer QC twice and finally the plasmid DNA was eluted with 0.8 
ml of buffer QF. The plasmid DNA was precipitated with 0.5 volume of 
isopropanol, centrifuged and redissolved in 30 /xl TE buffer. 
Sequencing reaction using denatured double-stranded DNA as template. 
Double-stranded DNA was denatured by NaOH before sequencing reaction. For 
denaturation of dsDNA, 8 fxl of dsDNA (1-2 ^g) was mixed with 2 /d 2 M NaOH. 
The mixture was vortexed gently, centrifuged briefly and incubated at room 
temperature for 10 minutes. The denatured DNA was precipitated by adding 3 fil of 
3 M sodium acetate (pH 4.8)，7 of H20 and 60 fil of absolute ethanol and placed 
at -20�C overnight before centrifugation. The denatured plasmid DNA pellet was 
then washed with 70% ice-cold ethanol and dissolved in 10 /xl distilled water and 
proceeded to annealing reaction. To the 10 /al of denatured plasmid DNA template, 
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2 Ml of annealing buffer and 2 ,1 of suitable primer solution (0.4 ,M) were added. 
The mixture was incubated at 37�C for 20 minutes to anneal the primer. The tube 
was placed at room temperature for at least 10 minutes, then it was centrifuged 
briefly and proceeded to the labelling reaction. The labelling-termination procedure 
was the same as previously described (Section 4.2.11.1). However, if parallel bands 
appeared in several lanes of sequencing gels, the template might have strong 
secondary structures that caused the polymerase to pause. It would be better to 
incubate the primer-denatured template solution at 60-7(rc for 4 minutes, cooled at 
room temperature for 2 minutes after annealing reaction but before the labelling 
reaction. 
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4.3 Result 
4.3.1 PCR-mediated chemical mutagenesis of pFS34 
The starting material, pFS34 plasmid, which was used for mutagenesis by 
nitrous acid, was first checked by PCR (Fig. 4.3.1a) and subcloned into M13 for 
sequencing. The size of pFS34 amplified by EcoRI-ext primer and GalK-54 primer 
was 691 base pair. 
The pFS34 plasmid was mutagenized with nitrous acid in sequential time 
points in order to obtain optimum proportion of single-point mutation library. The 
mutagenized plasmid DNA of each time point was separately stabilized and amplified 
by PCR with EcoRI-ext and GalK-54 primers (Fig. 4.3. lb). After restriction enzyme 
digestion, the amplified mutagenized fragments were cloned into promoter probe 
plasmid pFZYl (11.3 kbase pairs in length). pFZYl plasmid DNA was prepared by 
large scale CsCl gradient centrifugation. An agarose gel electrophoresis picture of 
digested pFZYl was shown in Fig. 4.3.1c. 
Each fraction of ligation mixture of mutagenized fragment and pFZYl was 
separately transformed into JR502 by electro-transformation to create ten mutant 
libraries. The transformation efficiency of undigested pFS34 was about 1 x 
10)6 clones / /xg DNA. About 10^ clones were obtained on LB-amp50-xgal plates for 
each library. 
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Figure 4,3.1a, Agarose gel electrophoresis of PCR-amplified arcA in pFS34. pFS34 
plasmid DNA was directly prepared from heat lysis of a single colony. The arcA fragment 
was amplified by PCR with primers EcoRI-ext and GalK-54 annealing at 56�C and the PCR 
products were analyzed by 1.8% agarose gel electrophoresis. Lane 1 and 3，PCR-amplified 
products from JR502 with pFS34 plasmid. Lane 2，DNA size marker of XBstEII. 
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Figure 4.3.1b. Agarose gel electrophoresis of PCR stabilized mutated arcA, Nitrous acid 
mutated pFS34 at different time points were separately stabilized and amplified with primers 
EcoRI-ext and GalK-54 with annealing temperature of 60°C. The PCR products were then 
analyzed with 1.8% agarose gel electrophoresis. Lane 1，DNA size marker XBstEII. Lane 
2-6，PCR products of mutated pFS34 at 3 min.，5 min.，10 min.，20 min. and 30 min 
respectively. Lane 8-14, PCR products of mutated pFS34 at 50 min., 80 min., 100 min., 
120 min., 150 min., 200 min. and 320 min., respectively. Lane 7 and 15，PCR products 
of non-mutated pFS34. Lane 16，control for PCR reaction. 
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Figure 4.3.1c. Agarose gel electrophoresis of vector pFZYl DNA. Vector pFZYl 
DNA was prepared by alkaline lysis and CsCl gradient centrifugation. It was then digested 
with EcoRI restriction enzyme and analyzed by 0.8% agarose gel electrophoresis. Lane 1， 
XHindin DNA size marker. Lane 2 & 4，digested pFZYl from JR502. 
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4.3.2 Screening of transformed clones by LB-amp50-xgal plates, 
LB with ampicillin and x-gal (LAX) plates were used for preliminary 
identification of transformants. The changes in promoter activities of pFS34 were 
reflected by changes in blue colour. Of about 10^  clones obtained on LAX plate in 
each mutant library, a total of 552 clones were picked by their colour changes on 
LAX plate when compared with the colour of the controls pFZYl and pFS34. The 
picked colonies were then streaked on LAX plates and some of them were checked 
by PGR. 
4.3.3 Screening of recombinants colonies by P G R . 
172 clones were checked by EcoRI-ext and GalK-54 primers to confirm the 
presence of pFS34 inserts in the clones, 120 clones were found to contain the right-
sized inserts as analyzed in 1.8 % agarose gel electrophoresis. Agarose analysis of 
PCR products of some clones as compared with control pFZYl and pFS34 was shown 
in Figure 4.3.3a as an example to illustrate three kinds of clones would be 
distinguished by PCR - putative mutagenized pFS34 in JR502, JR502 with only 
pFZYl and some contaminants. 
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Figure 4.3.3a. Agarose gel electrophoresis of PGR amplified products from JR502 
transformed wiht mutagenized pFS34 to check for the presence of insert with correct size. 
A single colony was picked from each transformant and heat-lysed at 95°C for DNA 
template. Thirty-five cycles of PGR amplification with annealing temperature at 57�C was 
performed with primers EcoRI-ext and GalK-54 and the products were analyzed with 1.8% 
agarose gel electrophoresis. Lane 1，pFS34. Lane 2, pFZYl. Lane 3-8，clones #141，#170, 
#217, #241, #246 and #247 respectively. Lane 10-14, clones #244, #245，#248, #249 and 
#250 in that order. Lane 9，XBstEII DNA marker. 
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4.3.4 Screening of signle-point mutated clones by PCR-single-stranded 
conformational polymorphism (PCR-SSCP) 
PCR-Single-stranded conformational polymorphism (PCR-SSCP) technique 
was used to detect mutation in 27 clones. Band shift patterns were found in eight 
clones (#261，#243，#221，#169, #156, #147，#115，#112) as compared with the 
control untreated pFS34 when formamide-PCR products were runned in a 6% non-
denaturing polyacrylamide gel (Fig. 4.3.4a and Fig. 4.3.4b). 
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Figure 4.3.4a. PCR-SSCP of transformants of JR502 harbouring mutagenized pFS34 to 
check for mutation. A single colony from each transformants was heat lysed to release 
template for PCR amplification with ATP end-labelled primers arcAusp and EcoRI-
ext with annealing temperature at 57�C. The PCR products were denatured in 95% 
formamide dye and analyzed by 6% non-denaturing polyacrylamide gel electrophoresis at 
4 � C . Lane 10 and Lane 34，control pFS34. Lane 1 - 9，PCR products from clone #512, 
#231, #231, #199，#199，#117，#113，#103，#38 in that order. Lane 11-21, PCR products 
form clones # 492，#261, #243，#233, #233，#231，#227, #224，#221，#199 and #169 
respectively. Lane 23-37，PCR products from clones #158，#156，#152，#147，#152，#115， 
#113，#112，#110，#104，#102, #pFS34, #101，#98 and #38 in that order. Lane 22, control 
for PCR reaction. 
. Page 115 
‘ ^ T T y T 1 T 







i 痛 . _ _ _ 痛 _ 
M M ^ ^ 
M M ^ 
i i 
. ！ 
Figure 4.3.4b. PCR-SSCP of transformants of JR502 harbouring mutagenized pFS34 to 
check for mutation. A single colony from each transfromants was heat-lysed to release 
template for PCR amplification with ATP end-labelled primers arcAusp and EcoRI-
ext with annealing temperature at 57�C. The PCR products were denatured in 95% 
formamide dye and analyzed by 6% non-denaturing polyacrylamide gel electrophoresis at 
4°C. Lane 1 and 13, PCR products from non-mutated pFS34 clones. Lane 2 - 12, PCR 
products from clones #199，#177，#113，#103，#38，#261，#243, #233，#221，#169 and #156 
in that order. Lane 14 - 16，PCR products from clones #115，#112 and #104 respectively. 
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4.3.5 Screening of mutated pFS34 clones with altered promoter activities by 
gal assay. 
Twenty-one clones were selected to check for the pFS34 promoter activities 
by 0-gal assay. They were selected because of their band shifts patterns on SSCP-
electrophoresis and / or obvious colour changes on x-gal plates. The ^-galactosidase 
activities of clones in aerobic and anaerobic conditions were listed in table 4.3.5a & 
4.3.5b and shown as histogram in Fig. 4.3.5a ,4.3.5b. As shown in Table 4.3.5a 
and Fig. 4.3.5a, clones #38 and #483 decreased anaerobic activities to 60% and 30% 
respectively. In Table 4.3.5b and Fig. 4.3.5b, clones #221 increased aerobic activity 
for 4-fold, but no change in anaerobic activities. Clones # 115 decreased anaerobic 
activity to 60%. For clones #156 and #169，both aerobic and anaeorbic activities 
decreased. The aerobic and anaerobic activities of clones #156 decreased to 50% and 
60% respectively. Clones #169 decreased its aerobic and anaerobic activities to 60% 
and 85 % • The relative /^-galactosidase activities of mutants were shown as histogram 
in Fig. 4.3.6k. On the other hand, the differential plot of /3-galactosidase activity 
against O.D.^oo of some clones (#38, #115，#156，#169，#221，#483) were shown in 
Fig. 4.4.5c. The clones mentioned above were identified to be mutagenized clones 
in section 4.3.6. 
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Table 4.3.5a. Expression of ^-galactosidase activities of arcA-lacZ in pFS34. 
(Batch I mutagenized clones) 
i^-galactosidase activity^ 
Clones Mutation" 
Aerobic^ Anaerobic^ fold� 
growth growth 
PFS34 - 22 174 8 0 
P F Z Y l 4 4 0 7 
I I - 8 2 24 111 4:6 
？ - 26 200 7.8 
川2 u 23 181 7 8 
二？ u 24 139 5.8 
104 - 17 169 10.1 
训 u 25 155 6.1 
112 u 19 138 . 7.2 
- 41 205 5.0 
u 40 267 6.8 
199 0 4 29.2 
231 - 3 6 2.4 
233 u 20 64 3.0 
483 - 8 23 56 2.5 
492 u 25 87 3.5 
5 1 2 - 28 172 6.2 
®iS-galactosidase activity is expressed in Miller units (Miller, 1972) 
b"-"，represents the clones were sequenced without mutation detected from position 
1 to at least position 327 according to the numbering system in Fig. 1.7a. "u" 
represents the clones have not been sequenced. For clones have mutation 
detected, the number represents its mutation position. 
""Induction ratio of anaerobic activity to aerobic activity. 
d;LB medium with SOixg/ml ampicillin was used for assay. 
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- g a l a c t o s i d a s e assay of arcA-lacZ fusion 
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fig. 4.3.5a .jff—galactosidase activities of clones after mutagenesis. Cells were grown 
in LB medium with 50 ug/ml ampicillin at 37°C in rotary drum for 
aerobic condition. For anaerobic growth, anerobic jar with gas 
generating kit was used. /?-gal assay was done as previously described 
in Miller, 1972. | | aerobic condition anaerobic condition. 
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Table 4.3.5b. Expression of/3-galactosidase activities of arcA-lacZ in after 
(Batch II mutagnenized clones). 
/3-galactosidase activity^ 
Clones Mutation" 
Aerobicd Anaerobic'^ fold� 
growth growth 
pFZYl - 3 4 1 5 
PFS34 - 53 414 7.8 
？〒 - 41 427 10.3 
115 -114，-188 57 255 4.5 
156 -36 28 287 10.2 
169 -48，-163 33 353 10.6 
221 -84 198 404 2.0 
248 - 41 400 9.8 
“/？-galactosidase activity is expressed in Miller units (Miller, 1972) 
b"-"，represents the clones were sequenced without mutation detected from position 
1 to at least position 327 according to the numbering system in Fig. 1.7a. "u" 
represents the clones have not been sequenced. For clones have mutation 
detected, the number represents its mutation position. 
""Induction ratio of anaerobic activity to aerobic activity. 
dLB medium with SOjUg/ml ampicillin was used for assay. 
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/?-galactosidase assay of arcA — LacZ fusion 
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卢 - ga lac tos idase act iv i ty change of m u t a n t clones 
during aerobic growth. 
800 
‘ ‘ 1 
a / 
妄‘ M221 / 
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fig- 4.3.5c jg-^alactosidase activities of arcA-lacZ fusion in 
mutan t clones were monitored for aerobic growth 
period. Cells were grown in LB medium with 
50ug/ml ampicill in and were harvested at different 
O . D — • pFZYl V pFS34 T 38 • 115 
600 
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Sequencing of mutated clones. 
Fourteen clones were sequecned. Dideoxy sequencing of the subcloned 
M 1 3 : 默 Z or P U C 1 8 :现Z were used to check the complete sequences of arcA gene 
of mutated clones from the position 1 to at least position 327 according to the 
numbering system shown in Fig. 1.7a. Clones #38 (Fig. 4.3.6a)，#156 (Fig. 4.3.6e)， 
#221 (Fig. 4.3.6g), and #483 (Fig. 4.3.6h) were found to be single-point mutants. 
Clones #115 (Fig. 4.3.6d) and #169 (Fig. 4.3.6f) were double-point mutagenized 
clones. The sequencing ladders of some non-mutagenized clones #95, #104，and 
#512 were shown in Fig. 4.3.6b; 4.3.6c; 4.3.6i as examples. The mutagenized 
position of mutants were summarized in Fig. 4.3.6j. Clones #38 was mutagenized 
at position -82, which was in a putative ASE element. Clones #156 changed base 
from C to T at position -36. Clones #221 changed base T to C away from putative 
Fnr binding consensus. Clones #483 changed base A to G away from anaerobic -10 
consensus region at position -8. For the double point mutagenized clones #115 which 
had base changes at position -114 and -189. The base change from A to G at position 
-114 converted the putative core IHF binding regions away from consensus. Another 
double-point mutagenized clone 持 169，base changes occured at position -49 and -48. 
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fig 4.3.6k. Aerobic and anaerobic expression of arcA—lacZ fusion 
in mutan t clones as compared with that of pFS34. 
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4.4 Discussions 
4.4.1 The possible mechanisms of anaerobic transcription 
The role of -10 region’ -35 region in anaerobic transcriptional activation for anl 
transcript. 
In Chapter 3，it was shown that anaerobic inducible arcA in pFS34 dependent on the 
switching from the weak aerobic promoter to the strong anaerobic promoter. Both 
promoters were appeared to be recognized by sigma and their respective -10 and -
35 putative consensus regions were determined. The -10 consensus (5'-TATAAT-3') 
and -35 consensus (5 ‘-TTGACA-3') for cr dependent promoter were originally 
defined by comparison of sequences similarities between many a?�dependent 
promoters in E. coli at position around 10 bp and 35 bp upstream of the transcription 
start site. The sequence homologies of these two regions towards the consensus are 
important for direct contact of RNA polymerase and determine the basal promoter 
efficiency (Hawley & McClure, 1983). However, a number of promoter sequences 
have now been identified that they only contained poor -35 consensus region and 
RNA polymerase do not make direct contacts to that poor consensus -35 region (Chan 
et al, 1990). Instead, RNA polymerase can make compensatory contact with the 
upstream region through bending or kinking of DNA. In the following, the 
effectiveness of -10 and -35 putative regions of the anaerobic promoter were 
examined. 
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For the-10 consensus region, it plays a very critical role for RNA polymerase 
recognition and initiation of open-complex formation (Collado-vides et al, 1989). 
This was also the case for arcA in pFS34 which have good matches to the consensus 
-10 sequence. The importance of -10 sequence in anaerobic activation was verified 
in mutated clones #483，which changed from A to G at position -8, that is, changed 
the -10 sequence away from the consensus sequence, its anaerobic activity was 
reduced to 30% (Fig. 4.3.6j & 4.3.6k). 
On the other hand, -35 region of anaerobic promoter of arcA were seemed to 
be less important in initiating transcription. In our pFS34 clones, the -35 region 
(CTGTTA) of anaerobic transcripts was only 50% homologous to the suggested -35 
consensus (TTGACA). This suggested that the -35 region of arcA might not provide 
strong affinity for the RNA polymerase binding. This speculation is consistent with 
the result of 5，end nest deletion study (Cheung, 1992), in which the shortest deletion 
from 5 ' end to position -48 completely abolishes the promoter activities of arc A. In 
this deleted clones, although -10 and -35 regions are still intact, the detrimental effect 
of removal of upstream sequence implied that -35 region was not efficient enough to 
activate anaerobic transcription. Instead, upstream activation sequence was required. 
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The possibility of involvement of proximal activator in anaerobic transcription. 
The -35 regions are not essential for transcriptional activation in many promoters. 
From the studies of analyzing 107 sigma 70 promoters (Collado-vides et al., 1991)， 
47 out of 48 activatable promoters have less consensus -35 region. One common 
features for their transcriptional activation is the presence of proximal activator sites 
at position between -65 and +20. The presence of proximal activator sites 
immediately upstream of -35 region might provide substitute contact point for RNA 
polymerase (Collado-vides et aL, 1991). 
If -35 region of anaerobic promoter of our arcA clones only provided weak 
intrinsic promoter binding activity, some other activators at the proximal sites or 
some other sites would exist to substitute the -35 consensus region for RNA 
polymerase binding. The presence of proximal activator sites in arcA between -50 
to -15 was possible since in a double-point mutated clone #169，with one of the 
mutation at position -48 (G to A) decreased both aerobic and anaerobic activities 
slightly (Fig. 4 . 3 . 6 � & 4.3.6k). Further upstream, two putative ASE elements were 
found at -71 to -54 and -80 to -96. ASE was suggested to be an anaerobiosis sense 
element (Wong, 1990). The consensus sequence AATTATTTAAT--AT was 
deduced by comparing 14 known anaerobiosis-inducible genes and 4 unidentified 
anaerobiosis promoters. Although the significance and function of ASE element in 
anaerobic inducible transcription have not been established, in one of the mutated 
clones #38, base change in the remote ASE at position -82 from T to C decreased the 
anaerobic activity for 36% (Fig. 4.3.6} & 4.3.6k). It was speculated that duplication 
of ASE element in arcA may be important for the cooperative binding of some 
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unidentified activators, which would form activation complex with proximal activators 
or remote activators and communicate with RNA polymerase for transcription 
initiation. arcA is an important global regulatory protein in switching modes of 
energy generation, more than one activator and a complex activation mechanism may 
be involved to fine tuning of its activity. 
Interestingly, the remote putative ASE element overlaps with a putative Fnr 
binding site, the role of Fnr in arcA regulation is discussed in a later section. 
The possibility of involvement of remote activator in anaerobic transcription for anl 
transcript. 
Although the presence of at least one proximal activator is a common feature for 
activatable operon (Collado-vides et al，1991)，it is possible to have remote activation 
with the presence of cis-acting remote upstream activation sequence (Kustu, 1989 & 
1990; Rabin et al.，1992). Upstream activation sequence may function in the absence 
of other factors and act directly on RNA polymerase by providing optimal contact 
points for promoter complex formation, or it would associate with remote activators 
which directly contact with RNA polymerase to initiate transcription. Despite its 
mode of actions, one common feature for remote activation was that the DNA must 
be curved, bended or looped at least at the time of transcription initiation (Su et al., 
1990). 
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flrc/l gene in pFS34 may be intrinsically curved around position -130. It was 
found that curved DNA would be resulted from periodic alignment of short 
homopolymeric [dA]n or [dT]n stretches in phase with the DNA helical repeat (Koo 
过 “I•，1986; Tanaka et al, 1991; reviewed by Crother et al.，1990). Small bends 
associate with each homopolymeric bases stretch will add constructively to generate 
a large global curvature. By aligning pFS34 sequences as a regular array of 10 or 
11 nucleotide stretches to represent the periodically of DNA helical repeat with 
approximately 10.5 bp per turn, clusters of "A tracts (A3)", "T tracts (T3)" and "AT 
tracts (A3T3)" was found in phase with helical repeat at position upstream from -110 
(Fig 4.4.1a). Although runs of homopolymeric base in arcA was not of identical 
type，the interchanging "A" strands and "T" strands would not affect the bended 
direction and global curvature would still existed (Koo et al, 1986; Diekmann, 
1987). The "A3" and "T3" tracts in sequences "A3T3" would be acted as a single 
cooperative unit (Crothers et al., 1990) to reinforce the bending potential as the 
bending potential increased with the increasing number of A tract or T tract and 
maximum curvature would be found with sequence (A^NJn (Koo et. al, 1986). 
However, the overall intrinsic curvature of arcA would not be very high since "A" 
tract and "T" tract of a length of three only had slight bending potential (Koo et al， 
1986). Therefore, presence of slight intrinsic curvature in arcA would not by itself 
be remote activation element for transcriptional activation, although intrinsically 
curved DNA sequence could function independently as activators in some cases 
(Nash, 1990). Other co-factors, which would enhance the intrinsic DNA bending, 
probably exist in arcA regulation to synergies this intrinsic curved effect. 











































Fig. 4.4.1a Sequence of pFS34 aligned as a regular 
array of 10 or 11 nucleotide streches to represent the 
periodically of D N A helical repeat 
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Integration host factor (IHF) protein has recently been shown to be involved 
in many operons which have remote activation (Freundlich et, al., 1992). IHF is a 
site specific DNA binding protein which bends the DNA to which it binds. Its 
binding consensus sequence was identified by aligning twenty-seven published IHF 
binding sites (Goodrich et, al., 1990) and is shown as follows, 
t at-aa-tt-attaaAATCAA-aAgTTA——ta-a 
Examination of the upstream sequence in pFS34, a putative IHF binding 
consensus was found at position -96 to -140 (Fig. 4.1a), which was just a little 
downstream from the potential curvature sites. Therefore, if IHF binded at the 
putative IHF binding site, it would enhance the intrinsic bending of arcA in a 
particular orientation. In the in vitro mutagenesis studies, one mutated clone #115， 
mutated at position -114 in the IHF binding consensus decreased the anaerobic 
activities to 60% (Fig. 4.3.6j & 4.3.6k). These suggested that IHF may involve in 
the anaerobic activation of arcA in pFS34 by direct binding to the consensus region. 
The binding may then mediate the formation of specific bends with a particular 
degree of curvature and an orientation to facilitate the cooperation of some 
unidentified remote activator and proximal activator or RNA polymerase to assist 
transcription. The involvement of IHF protein in the transcriptional activation of 
arcA n^od to be further investigated and this is further discussed in chapter 5. 
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Repression of aerobic transcript (al) in anaerobic condition. 
As stated in Chapter 3，two different promoters were found in pFS34 with aerobic 
and anaerobic condition, i.e. in anaerobic condition, the transcription from the 
aerobic promoter would be repressed. The repression of the aerobic promoter might 
due to the presence of a specific repressor, which was highly activated in anaerobic 
condition. From the mutagenesis study, single-point mutant clone #221 had a base 
change from T to C at position -84，its aerobic activity was sharply increased for 
four-fold, but no change in anaerobic activities. Examination of the sequence around 
this region, a sequence that 90% conserved to the consensus FNR binding site 
( T T G A T - A T C A A ) were found at position -75 to -88. The mutation in clone #221 
converted the sequence away from consensus. This consensus region coincided at the 
aerobic transcriptional start point, occupied the position from -4 to +11 with 
reference to the + 1 aerobic transcriptional start point. Therefore, if the FNR protein 
binds at this site, it will occlude the most critical -10 region and aerobic 
transcriptional start point. FNR will function as a competitor to prevent initiating 
RNA polymerase from forming effective open complexes at the aerobic promoter 
sites. The amount of FNR protein is similar in either aerobic or anaerobic conditions 
but it is activated anaerobically (Spiro & Guest, 1990) and may bind to the consensus 
FNR binding sites. Therefore, the transcription of aerobic promoters may be 
seriously repressed by FNR in anaerobic condition. On the other hand, other 
condition preventing aerobic activation mechanism to operate may also resulted in 
complete repression of transcription from aerobic promoter in anaerobic condition. 
For example, activators for aerobic expression are seriously repressed, or the 
conformation of DNA is not favourable for their binding. 
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4.4.2 The possible regulatory mechanism on aerobic transcription. 
Derepression of aerobic promoter from FNR protein 
In aerobic condition, transcripts were transcribed from the weak arcA aerobic 
promoter. On the other hand, the transcription from anaerobic promoters were 
seriously repressed. In aerobic condition, Fnr activity is low (Spiro and Guest, 
1990). Because of overlapping of the Fnr binding sites and the conensus -10 region 
of aerobic promoter, the derepression of aerobic promoter from Fnr in aerobic 
condition would allows transcriptional initiation if other activation mechanisms 
present. 
Possibility of HNS action on aerobic expression 
It is possible that other kinds of regulatory elements activate or repress aerobic 
transcription. One of the possible regulation are indicative by the presence of an 
intrinsically curved element centred at position upstream from -110 as discussed in 
section 4.4.1. Recently, a histone-like protein, HNS was found to bind to curved 
DNA preferentially (Yamada et al, 1991; Ueguchi et al, 1993) and was suggested 
to function as a DNA binding transcriptional regulator (Higgins et al” 1990; 
Goransson et aL, 1990; Shi et al, 1993). 
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HNS is an abundant histone-like protein (approximately 20,000 copies / cell 
(Pon et al., 1988), with a molecular weight of 15.4 kDa (Kano et al.’ 1993). This 
protein was first identified as a major component of the E. coli. nucleoid (Varshavsky 
et 此，1977). The gene for HNS was recently cloned, sequenced and mapped at 27.5 
minutes on the E. coli, chromosome (Pon et al, 1988; Kano et al., 1993). From 
various genetic studies, hns was found to be allelic to previously reported loci, drdX, 
oymZ, bglY, pilG, cur and virR (Higgins et al.，1990; Hulton et al, 1990; May et 
a l” 1990) and mutation in which alter the expression of several unlinked genes 
(Higgins et al.，1990). The pleiotropic phenotypic changes due to hns mutations led 
me to believe that it is a regulator on sets of operons. In fact, it was demonstrated 
that in a hns deletion background, expression of numerous E. coli. cellular proteins 
was strongly expressed or repressed relative to the expression levels in wild-type cells 
(Yamada et al,，1991). The HNS regulation on the expression of various protein is 
presumably at the transcriptional level. HNS was shown to be a negative regulator 
on its own transcription by binding to its putative hns promoter site (Ueguchi et al.， 
1993). However, there is no evidences showing that HNS is a site specific binding 
protein. On the other hand, HNS binds preferentially to sharply curved DNA 
(Yamada et al” 1991). The functional relationship between its preferential binding 
to curved DNA and its modes of action on transcription regulation had not been fully 
clarified. However, two modes of regulation mechanism was suggested. First, the 
hns may function as a repressor through its binding to curved DNA sequences and 
represses transcription. Second, it may cause local changes at the level of 
supercoiling of DNA (Higgins et al，1988). Negative superhelicity of the DNA was 
assumed to be a factor to cause DNA bending without the existence of any intrinsic 
bending protein (Surette & Chaconas，1989). 
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In the case of arcA in pFS34, HNS probably binds to the intrinsic curved 
region, especially in aerobic condition, when the partially overlapping HNS and IHF 
binding sites was exposed for HNS binding as it is speculated that IHF binding 
affinity to arcA promoter is low in aerobic condition. However, it is still too early 
to suggest a role for HNS on regulation of arcA and further investigation is required. 
However, if speculated, binding of HNS to the exposed curved region of arcA 
probably help bending of DNA. As the gyrase activity is low in aerobic condition 
(Yamamoto & Droffner，1985)，bending of DNA by superhelicity is not favoured. 
The binding of HNS may enhance the intrinsic bending to activate a remote regulation 
mechanism. 
Inhibition of transcription from anaerobic promoter 
The putative -35 region of aerobic promoter overlapped with a putative core 
consensus sequence of IHF binding sites. IHF may be involved in anaerobic 
transcriptional activation by binding at that putative IHF binding sites and bended the 
DNA for remote activation. That is, IHF and RNA polymerase may compete for 
initiating transcription from anaerobic promoter and from aerobic promoter. It is 
speculated that IHF is less competitive at aerobic condition. First, the derepression 
of -10 region from FNR made the -10 region & initiation site available to RNA 
polymerase recognition and binding. RNA could potentially form precursors to 
productive complexes by using these element before IHF could bind. Second, it was 
speculated that IHF would bind to DNA at the site not only contains consensus 
binding sequence, but also has suitable local conformation. The conformation of 
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DNA in aerobic condition may be not favourable for IHF binding and this point 
would be further discussed in Chapter 5. 
4.4.3 Experimental Design 
In vitro chemical mutagenesis 
In the chemical mutagenesis studies, only nitrous acid was used as mutagen. Nitrous 
acid deaminates deoxycytosine (C), deoxyadenosine (A) and deoxyguanosine (G) 
changing these bases to deoxyuridine, deoxyhypoxanthine and deoxyxanthine. The 
deaminated G (deoxyhyxanthine) will form base pairs with C, so that no base changes 
will be expected. Therefore, nitrous acid mutagenesis only result in C to T and A 
to G transition (Myer et al，1985). The other two kinds of deoxynucleotide G and 
T will be less suspectable. If functional important groups contain in these bases, they 
will be difficult to identify. Therefore, to maximize the chances of obtaining single 
base substitutions in all positions of arcA promoter, several different mutagen could 
be used. Hydrazine, which break pyrimidine rings can be used to change C to T and 
T to C. Formic acid, mainly attacks the purine bases (G and A) by breaking the N-
glycosyl bonds. These two mutagens may be used to generate other mutated libraries. 
On the other hand, if regulatory sites are identified, site-directed mutagenesis is 
effective for confirmation of regulatory elements. 
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Single-stranded conformational polymorphism (SSCP) 
As stated in the introduction section, the most difficult task for random mutagenesis 
of pFS34 was to identify clones preferably with single point or a few point mutations 
in which the promoter activities were altered. However, it was difficult to detect 
mutant recombinants with promoter activities changed just by observing colour change 
on x-gal plate. Although DNA sequencing was the most direct method to detect point 
mutation, screening all clones by sequencing was labour intensive. Even base change 
occurred, the mutation might not fall on the regulatory regions that the promoter 
activity would not be altered. Similarity, jS-galactosidase assay of all clones was not 
an complete and effective screening method. Therefore, a combination of effective 
method of detecting mutation and jS-galactosidase assay should be used. 
In the thesis, Single-stranded conformation polymorphism technique (SSCP) 
was used to identify the clones with mutation. SSCP was first reported by Orita in 
1989 for detection of sequence variation. It was found that single base substitutions 
in short DNA segments (250bp) could be detected as shifts in electrophoretic mobility 
(Orita, 1989). The principle is that base substitutions may cause the DNA segment 
to assume a unique folded conformation, with an altered electrophoretic mobility on 
a non-denaturing gel when compare to the corresponding wild type DNA segment. 
The SSCP assay relys on the PCR amplification of small amount of template DNA 
with labelled primers. Therefore, this method is quite simple, rapid and can be used 
for screening a large number of clones at one time. 
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In spite of this, the effectiveness of SSCP depends on its sensitivity and its 
ability for detecting single-point mutation. SSCP was used to detect mutation in 27 
recombinant clones. Band shift patterns was observed in eight clones. Since not all 
clones were sequenced, the exact sensitivity of SSCP in detecting mutation ofpFS34 
could not be determined. However, in one of the clone #38，which was sequenced 
and found to have a single point mutation, had no obvious band shifts in SSCP 
analysis. It was claimed that the size of the fragments in which SSCP analysis could 
detect single-base substitutions was about 250-300 bp and 80% of those in 400 base 
pair would be detected (Orita, 1989)，i.e., the confidence level of single point 
mutation detection decreased with the increase of fragment size. The size of 
amplified fragment by arcAusp primer and EcoRIext primer in our clones was 406 
bp. It was not an optimal size for SSCP. On the other hand, the quality of SSCP 
analysis depended critically on the gel electrophoresis condition. SSCP analysis were 
tried in room temperature with circulation by fan and in cold room. Only the set 
I 
ninned in cold room with constant voltage had band shift patterns. Probably the 
i 
condition for SSCP analysis was not optimal. Recently, reports suggested that rSSCP i 
(RNA single-strand conformation polymorphism) would be more sensitive than DNA i 
I I n 
single-strand conformation polymorphism (Danenberg, 1992; Sarkar, 1992). The 丨 ( 
potential of rSSCP on detecting mutation of pFS34 was unknown. However, it was -
not necessary to do that because the sensitivity of SSCP on detecting mutations of 
pFS34 was not at prime importance if the sensitivity of SSCP analysis on pFS34 was 
not too low. The more important thing to be considered was the effectiveness of 
detecting single-point mutation from band shift pattern by SSCP analysis. 
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Detection of single point mutation by SSCP assay was unpredictable. The 
principle of band shift patterns was based on the conformation change of denatured 
single-stranded DNA because of mutation. However, conformational changes and 
degree of band shift resulted from single point mutation or multiple-point mutation 
were unpredictable. It was difficult to determine which band shifted clones had 
single-point mutation. For the four clones which showed band shifts and were 
sequenced, two clones were single-pointed mutated and two clones were double-point 
mutated. 
On the whole, SSCP was quite an effective method for screening out mutation 
in pFS34 because once the clones were found to have band shift pattern, it would 
found to have either single or multiple point mutation after sequencing. Therefore, 
if SSCP analysis was combined with jS-galactosidase assay, it would be a good 
strategy to identify those clones which mutated in an important regulatory region, 
before confirming the exact position of base changes by sequencing. 
^'galactosidase assay 
In this research, jS-galactosidase assay was an important quantitative measurement of 
promoter activities in arcA as cloned arcA was inserted in front of a promoterless 
lacZ gene in pFZYl. The assay method based on spectrophometrical measurement 
of coloured substance, o-nitrophenol, formed by the action of galactosidase enzyme 
released from permeabilized bacterial cells on the substrate, a galactoside conjugate 
(o-nitrophenyl-](3-D-galactoside). The jS-galactosidase activity driven by arcA 
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6promoter was expressed in Miller units in terms of O . D ^ * 2.25 / cell volume used 
/ 0.0045 / reaction time / O . D ^ . It was reported that absolute value for Miller unit 
was markedly affected by variation in parameters such as types and volume of 
permeabilizing agent, reaction times, culture-growth stage and ONPG concentration 
(Giacomini et al，1992). That is, from the quantitative point of view, the absolute 
value of /3-gal assay would be varied from different assay if the parameters were not 
kept exactly constant for each assay. It was not easy to keep all parameters such as 
growth stages and reaction times constant at each assay. Therefore, absolute value 
of promoter activities change assayed at different times to compare. The control, 
unmutated pFS34, was included in each assay and the relative change of activities in 
mutated clones as compared with that of unmutated control would give a more 
indicative data. 
On the other hand, in order to minimize the abrupt effect of culture growth 
stage on Miller's value, differential changes of activities during the whole growth 
period. In this experiment, differential changes of activities of some mutated clones 
have been monitored in both aerobic and anaerobic condition. The differential plot 
of jS-galactosidase activity against O.D.^oo for aerobic growth was shown in Fig. 
4.3.5c. However, the data for anaerobic growth were not shown here. Since LB 
medium was used as test medium for whole investigation period. As it was not a 
well-buffered medium, accumulation of acidic products during fermentation hindered 
the bacterial cell growth when grown in anaerobic condition. Stationary phase were 
maintained when O . D . ^ reached 0.4-0.5. Therefore, it was difficult to obtain 
differential activities for a wide range of O.D.600. From my results (data not 
shown), the same trend of changes in different cell culture density were obtained for 
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Investigation of the effect of integration host factor (IHF) 
and autoregulation on the expression of pFS34 
5.1 Introduction 
In chapter 4，we have discussed that IHF may be involved in the regulation of arcA 
in pFS34 as a putative IHF binding consensus was found at position between -96 to -140 
in our pFS34 clone. IHF is a "histone" like protein, present in great amount (about 
20,000 -100,000 molecules per cell) in E. coli (Freundlich et al, 1992). It was first 
discovered as an essential protein for both integrative and excisive recombination event of 
lambda phage (Friedman, 1988). With the availability of recombination mutants, IHF 
gene of E. coli, was identified and two unlinked genes were mapped. himA encodes the 
10,500 Mr IHF a subunit and was located at minutes 38 of E. coli map. himD encodes 
the 9500 Mr IHF subunits and was mapped at minutes 25 (Friedman, 1988). The IHF 
mutant has been tested on some physiological processes and discovered that besides 
recombination events, IHF is associated with the regulation of expression of many genes. 
IHF acts as a negative effector on the expression of many systems including lambda late 
promoter (Kur et al，1989)，ompC operon (Huang et al，1990)，ompB operon (Tsui 
et al, 1991)，ompF (Tsui et aL, 1988 & Ramani et al., 1992) and ilvGMEDA operon ( 
Tsui et a/., 1988; Pereira et al, 1988 and Pagel and Hatfield, 1991) . Besides negative 
regulation, IHF also regulates positively on a number of a^ ^ dependent promoters such as …:； 
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NtrA dependent-nz/operons (Hoover et al., 1990), glnA operon (Su, et aL, 1990) and a?� 
dependent promoters of tdc operon (Wu et al，1992; Wu and Datta, 1992) and nar operon 
(Rabin et al，1992). The effect of IHF on gene expression may be mediated by directly 
binding of IHF to a specific region of DNA that has been identified in many operons by 
DNAase I footprinting. ( Hoover et al, 1990; Tsui et al•’ 1991; Ramani et al., 1992; 
Huang et al, 1990; Rabin et al, 1992; Wu and Datta, 1992b; Pereira et al, 1988 and 
Pagel and Hatfield, 1991). By aligning the identified IHF binding sequences, a 13 base 
pair core consensus sequence WATCAANNNNTTR was identified (Craig & Nash，1984 
and Leong et al，1985) and an extended consensus sequence was deduced (-1-——at-aw-
tt/c-awtwaAATCAA-aAgTTA-----ta-a (Goodrich et al., 1990) where w represent a/t, r 
represent a/g. Computer analysis of the 48 bp extended IHF consensus revealed that there 
was potential fflF-binding sites in the non-coding regions of over 100 operon in E. coli 
(Freundlich et aL, 1992). Although the exact function of IHF is not fully clarified and 
only the bending activities by IHF protein has been suggested (Hoover et al.，1992; Rabin 
et aL, 1992; Ramani et al, 1992 and Wu et al, 1992), it seems that IHF is a potential 
regulator on the expression of a large number of unidentified operons. Therefore, with 
a putative consensus IHF binding sequence in the arcA promoter in pFS34, which was 
only one base different from the 13-bp IHF core consensus, it was worth studying the 
possibility of IHF involvement in aerobic and anaerobic expression of pFS34. 
On the other hand, arcA of E, coli. was reported to be negative autoregulated in 
both aerobic and anaerobic condition as arcA-lacZ expression was derepressed by 67% to 
88% aerobically and anaerobically in arcA deletion strains (Park et al” 1992). 
Autoregulatory expression of pFS34 would be studied by investigating the promoter 
activity change in E. coli. arcA deletion strains. 
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5.2 Method 
The effect of IHF protein on expression of pFS34 was investigated with E. coli 
mutant (MC-102) and himD mutant (MC-564) which were defective in the production 
of IHF a subunits and subunits respectively. The autoregulatory expression of pFS34 
was studied with E. coli. arcA' insertion (MC-618-15) and deletion (MC-587-2) 
background and their isogenic arcA'^ strains (MC-618-8) and (MC-587-8). 
IHF mutants ofE. coli. MC1061-5 were constructed by transduction from E. coli 
DPB 102 [/z/m^452::Tnl0d(7c)] and DPB564 lAhimD3::cat] (Rabin et al., 1992). PI 
lysate of DPB 102 and DBP 564 were used to transduce E. coli. MC1061-5 and MC1061-
5 harbouring pFS34. The transductants were selected on respective selective plates. 
pFZYl plasmid was then transformed into MC1061-5 {himA) and MC1061-5 QiimD). 
Therefore, six kinds of constructs were produced : MC1061-5 QiimA), MC1061-5 (himD), 
MC1061-5 (hiwA) with pFS34, MC1061-5 (himD) with pFS34, MC1061-5 (himA) with 
pFZYl and MCI061-5 (himD) with pFZYl. The presence of plasmids in transductants 
were checked by PGR. 
ArcA mutant of E. coli MC1061-5 was constructed by transduction with PI lysate 
of E.coli ECL618 (F，arcA2 zjJ::TnlO) and ECL587 <t>(sdh-lac) A(deoD-dye)253 
zJJ::TnlO) (luchi et al” 1989a; luchi and Lin, 1988). The transductants were selected on 
LB + 15 ptg/ml tetracyclines, and then colonies were restreaked to LB plate with 0.2 
mg/ml toluidine blue for selecting arcA (dye) sensitive mutant. pFS34 plasmid was 
transformed into the isogenic pair of arcA'^ and arcA' mutant and the presence of plasmid 
was checked by PGR. 
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The detailed procedure for preparation isogenic MC1061-5 parent and mutant 
strains was modified from Miller, 1992 and described below. The effect of mutation on 
aerobic and anaerobic expression of arcA in pFS34 were investigated by /^-galactosidase 
assay as previously described in Chapter 4 (Miller, 1972). 
5.2.1 Construction of Escherichia coli mutant. 
Preparation of high titer PI lysate, 
Plate lysate was prepared by mixing 100 low titer PI solution and 200 ix\ overnight 
MC1061-5 (1-2 X 108 cells/ml) with 2.5 ml LB agar and plate on LB plate. After 
overnight incubation at 37�C，2 ml LB medium was added and stayed for several hours at 
4。C. The top agar with the L B suspension medium was scrapped with sterilized spreader. 
Several drops of chloroform was added to lyse the bacterial cells and the cell debris was 
removed by centrifugation. The phage solution was stored at 4°C with a few drops of 
chloroform added. 
Titering of phage solution 
Portions of 0.1 ml each of serially diluted phage lysate were mixed with 0.1 ml flesh 
culture of MC1061-5 which was grown in LB + 5xia^ M CaClj and incubated at 37�C 
for 10 minutes. The mixture was then plated on R plate with 2.5 ml of R-top agar and 
incubated overnight at 37�C. Control which contained no phage was done as a 
comparison. 
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Preparation of PI lysate of donor cells 
An 1 % inoculum of the overnight cultures of donor cells was added to 5 ml LB + 5 x 
M CaCl2 + 0.2 % glucose medium + suitable antibiotics and incubated at 37�C for 1 hour 
without shaking, then grown for an additional 1 hour with aeration. Afterwards, 0.1 ml 
of PI lysate with a titer greater than 1 x 10^ pfu/ml was added and incubated at 37�C with 
shaking for 8 hours or until all bacteria was lysed and the culture became clear. Several 
drops of chloroform was added and then centrifuged. The supernatant was removed to a 
screw cap bottle and several drops of chloroform was added. The phage solution was 
stored at 4°C. 
Transduction with PI lysate 
Ten ml of the overnight culture of cells to be transduced was spined down and resuspended 
in 2.5 ml MC buffer. 0.1 ml of the resuspended cells was mixed with 0.1 ml 10®, lO'S 
10-2 phage solution and incubated at 37�C for 20 minutes. Control with lysate, but no 
bacteria was included to ensure that the phage lysate was not contaminated with bacteria 
that could grow at the selective plates used. After incubation for 20 minutes, 0.1 ml of 
1 M sodium citrate was added to each tube and vortexed. Sodium citrate was used to 
chelate Ca2+ ion and inhibited readsorption of the PI phage, therefore reduced killing of 
transduced cells by virulent phage on plate. After addition of sodium citrate, DPB102, 
ECL587 or ECL618 transduced cells was spreaded immediately on selective plates with 
tetracyclines. For DPB564 transduced cells, 0.5 ml LB medium was added and incubated 
at 32°C for 1 hour to allow expression of chloramphenicol resistance gene. Then it was 
plated on selective medium with chloramphenicol. 
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5丄2 P G R check of mutants for the presence of pFS34 and pFZYl plasmid. 
The transductants on selective plate were re-streaked on new selective plate several 
time in order to isolate for single colony. A single colony was heated lysis for template 
to do PGR reaction, which was used to ensure the presence of pFS34 and pFZYl plasmid 
before carrying out the /3-gal assay. The PGR reaction was done as previously described 
in Chapter 4.2.8. The PGR products were analyzed with 1.8% agarose gel 
electrophoresis. 
5.2.3 jS-galactosidase assay of aerobic and anaerobic activities change of pFS34. 
To test for effect of himA on expression of pFS34, E. coli MC-102 (MC1061-5 
himA) mutant harbouring pFS34 was grown in LB + 15 /xg/ml tetracyclines aerobically 
at 3 7 � C with shaking and anaerobically at 37°C in anaerobic jar. Control of isogenic MC-
102 (MC1061-5 himA) with pFZYl and MC1061-5 were also included. To test for the 
effect of himD on aerobic and anaerobic expression of pFS34, E. coli MC-564 (MC1061-5 
himD) with pFS34, controls of isogenic MC-564 (MC1061-5 himD) with pFZYl and 
MC1061-5 were grown in LB with 25^g/ml chloramphenicol. To test for autoregulatory 
effect, MC-618 (arcA-zJJ::TnlO), MC-587 {deoD-dye)253ZjJ ::TnlO) and their isogenic parent 
with pFS34 plasmid were cultured in LB + 50 ng/ml ampicillin medium. The mid-log 
phase bacterial cells were harvested and jS-galactosidase activities were assayed. 
Triplicates were done for each set. 
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5.3 Results 
5.3.1 Effect of integration host factor (fflF) on pFS34 
5.3.1.1 P C R analysis of E, coli himA and himD mutant for the presence of 
pFS34 and p F Z Y l plasmid. 
1.8% agarose gel of analyzing PCR products from himA and himD mutant 
harbouring pFS34 and pFZYl was shown in Fig. 5.3.1.1a. The pFZYl bands 
amplified with EcoRI-ext and GalK-54 is about 157 bp. The pFS34 is 691 bp. The 
other bands may be amplified from the non-specific priming on chromosomal DNA. 
1 
5.3.1.2 /^-galactosidase assay of aerobic and anaerobic activities of prS34 
in E, coli, himA and himD mutant. 
Results summarized in table 5.3.1.2a. and Fig. 5.3. L2a showed that anaerobic 
expression derepressed by 1.12 fold and 1.58 fold in himA and himD mutants 
respectively. However, fflF have no significant difference on the aerobic expression 
of pFS34. 
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Figure 5.3.1.1a. Agarose gel electrophoresis of PCR product of himA and 
himD mutant for checking the presence of plasmid. A single colony from 
selective medium was picked and heat-lysed. The template was amplified with 
primeres EcoRI-ext and Galk-54 which flanked outside the multiple cloning 
site of pFZYl plasmid. Annealing temperature was 57°C and PCR products 
were analyzed with 1.8% agarose gel electrophoresis. Lane 1 and 12，DNA 
gel marker. Lane 2-5, MC-102 with pFZYl. Lane 6，MC-102. Lane 7-10, 
MC-564 with pFZYl. Lane 11, MC-564. Lane 13-16，MC-102 with pFS34. 
Lane 17，MC1061-5 with pFS34. Lane 18-21，MC-564 with pFS34. Lane 
22, control for PCR reaction. 
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Table 5.3.1.2a. Expression of /^-galactosidase activities of pFS34 
(arcA::pFZYl) of E. coli, himA and himD mutant. 
jS-galactosidase activity^ 
Clones Mutation^ 
Aerobic^ Anaerobic^ fold� 
growth growth 
MC1061-5-zy - 0.4 0.9 2.3 
MC-102-zy himA 0.5 1.1 2.1 
MC-564-zy himD 0.3 1.0 3.2 
MC1061-5-S34 - 16.0 159 10.0 
MC-102-S34 himA 14.8 178’ 12.0 
MC-564-S34 himD 15.7 233 14.8 
a卢-galactosidase activity is expressed in Miller units (Miller, 1974) 
b"-" indicates the mutation on isogenic MCI061-5. zy represents pFZYl plasmid and 
s34 stands for pFS34. 
''induction ratio of anaerobic activity to aerobic activity. 
dLB medium with 50fcg/ml ampicillin was used for assay. Chloramphenicol for himD 
mutant was added with concentration of 25 ^g/ml. Tetracyclines for himA mutant 
was added with concentration of 15jLtg/ml. 
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卢一galactosidase ac t iv i ty of pFS34 in 
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fig. 5.3.1.2a /3-galactosidase activity of arcA-lacZ fusion in IHF mutant. 
The cells were grown in LA medium with 25 ug/u l choramphenicol 
for himD (MC-564) mutant. For (MC-102) himA mutant. 
15 ug /ml tetracyclinewas added. ZY represents the cells harbored 
pFZYl plasmid.S34 represent cells with pFS34 plasmid. 
I I aerobic condition 
CZ： aerobic condition 
m anaerobic condition anaerobic condition 
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5.3.2 Autoregulation on expression of pFS34 
5.3.2.1 P C R analysis of E.colU arcA mutant for the presence of pFS34 
plasmid. 
1.8% agarose gel of analyzing PCR product from arcA mutant harbouring 
pFS34 were shown in Fig. 5.3.2.1a and Fig. 5.3.2.1b. It was only used to confirm 
the presence of pFS34 plasmid in arcA mutant and parent strains. Promoter activity 
change of arcA in pFS34 plasmid with arcA'' and arcA" background was analyzed by 
jS-galactosidase assay. 
5.3.2.2 jS-galactosidase assay of aerobic and anaerobic activities of pFS34 
(arcA-lacZ) in E. coli. arcA mutant. 
The results are summarized in table 5.3.2.2a and Fig. 5.3.2.2a. From p-
galactosidase assay, anaerobic expression of pFS34 in either arcA deletion strain 
(MC-587) or arcA insertion strain (MC-618) was similar to that in their isogenic 
parent strains. Therefore, arcA did not seemed to be autoregulated in anaerobic 
condition. On the other hand, the aerobic expression of pFS34 in arcA strain was 
slightly higher than that in isogenic parent strains. However, the difference might not 
be significant as the aerobic activity of pFS34 was very low. 
. Page 162 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 
m i i m 
Figure 5.3.2.1a. Agarose gel electrophoresis of PCR products of arcA 
mutants for checking the presence of pFS34 plasmid. A single colony was 
picked and lysed at 95®C. The template was used for PCR with primers 
EcoRI-ext and GalK-54. PCR was done with annealing temperature at 56°C 
and PCR products were analyzed with 1.8% agarose gel electrophoresis. 
Lane 9 and 18，入DNA BstEII digest. Lane 1-8, 10-17, MC-587-2 with pFS34 
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Figure 5.3.2.1b . Agarose gel electrophoresis of P G R products of arcA 
mutants for checking the presence of pFS34 plasmid. A single colony was 
picked and lysed at 95°C. The template was amplified with primers EcoRI-ext 
and GalK-54. P G R was done with annealing temperature at 56°C and P G R 
products were analyzed with 1.8% agarose gel electrophoresis. Lane 1，7 and 
14，XDNA BstEII digest. Lane 2-7, 9-13, 15-18. MC-618-15 with pFS34 
plasmid. Lane 8，MC1061-5 with pFZYl plasmid. Lane 19，MC-618-15. 
Lane 20, control for PGR. 
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T A B L E 5.3.2.2a. Expression of jS-galactosidase activities of pFS34 
(arc.4::pFZYl) of E. coli, arcA mutant. 
jS-galactosidase activity^  
Clones Mutation^ — 
Aerobicd Anaerobic'^  fold。 
growth growth 
M C - 5 8 7 - 8 - S 3 4 - 7 . 8 2 4 9 3 2 . 0 
M C - 5 8 7 - 2 - S 3 4 arcA 1 7 . 4 3 1 1 1 7 . 9 
M C - 6 1 8 - 8 - S 3 4 - 7 . 6 2 7 9 3 6 . 8 
M C - 6 1 8 - 1 5 - S 3 4 arcA 1 2 . 5 2 4 6 1 9 . 6 
a/3-galactosidase activity is expressed in Miller units (Miller, 1974) 
b"-" indicates isogenic parent strain without mutation. s34 stands for pFS34 plasmid. 
'^ induction ratio of anaerobic activity to aerobic activity. 
^LB medium with 50/xg/ml ampicillin was used for assay. 
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^ - g a l a c t o s i d a s e assay of arcA-lacZ fus ion 
of pFS34 in E, coli. arcA m u t a n t 
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Figure 5.3.2.2a. 
jS—galactosidase activity of pFS34 in E. coli. arcA mutat ion strain. 
The muta t ion strains was produced by PI transduction of ECL587 or 
ECL618 with MCI061-5. The transductant of MC-587 was arcA deletion 
mutan t , while MC-618 was arcA insertion mutant . For aerobic condition, 
cells were grwon at 37°C with shaking. For anaerobic condition, cells 
were incubated in anaerobic jar with oxoid gas generating kit. 
I aerobic condition • • anaerobic condition. 
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5.4 Discussions 
5.4.1 Effect of IHF on aerobic and aerobic expression of arcA. 
\ 
From the ^ -galactosidase assay, IHF was found that anaerobic expression of 
“rcA was slightly inhibited by IHF, but aerobic expression was unaffected. The 
result was a little different from that found in E. coli. arcA as the expression of arcA 
in E, coli was derepressed 2-folcl and 3-fold aerobically and anaerobically in himA 
mutant (Park et al, 1992) 
5.4.1.1 Possible regulatory mechanism of IHF on aerobic transcription 
Specific binding to -10 and -35 consensus of aerobic promoter, 
IHF mayregulate arcA directly by site-specific binding as IHF is a site-specific 
binding protein (Freundlich et al., 1992). IHF binding sites were identified in many 
IHF-regulated operons by D N A I footprinting. The binding sequence and homology 
percentage of identified IHF-regulated a?。dependent promoters is summarized in table 
5.4.1.1a. From the table, it can be seen that the homology of IHF binding regions 
to the deduced IHF core consensus sequence ( W A T C A A N N N N T T R ) (Leong et al., 
1985) range from 62% to 92%. In our arcA clones, a 92% homology putative IHF 
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Table 5.4.1.1a. The IHF binding sequences ofE. coli. a^O dependent promoters 
Operons Core IHF binding sequence^ Position^ IHF Similarity^ References 
effect^ 
Consensus WATCAANNNNTTR 一 ： — 
Leong et ai, 1985; 
Friedman, 1988 
//vGMEDA GATCAAGCCITAA +111-+150 (+8) - 85 o/o Pagel & Hatfield, 1991; 
Pereira et. al., 1988 
TAAGCTGCTGTTT -11 - +24 (+8) - 62 % Tsui & Freundlich，1991. 
CATCTCGTTGATT -120 - -82 (-102) 62 % 
AATCAATAATGTT -55 --18 (-37) 84 % 
侧pC TAAGTTATTGATT -193 --158 - 54% Huang et a/„ 1990. 
細TATAAATAGATTA -200--162 (+79) - 92% Ramani et. ai, 1992. 
AACCAAATCTTTA -81 - -42 (-61) 92 % 
narQ TTACAGTCTGTTA -144--106 + 77% Rabin e/. a/., 1992 
I 
tdc CTTTAACTTGTTG -118--88 (-103) + 77% Wu&Datta，1992 , 
arcA^ CATCAAACTGTTA -119--107 - 92% this study, 1993. I 
ssssssssssss^ s^sssssss^sssssssssssssssssss^sssssss^s^sscsssss^ssssss^ssssssssssssssss^ssEsssssssssssssssssssssssss^s^ssssssssEi^sssssssEs^s^ s^ssssEsssssc^ssssssssss^ s^s^ s^ c^ s^sssssss^ s^ssssss  I 
！ 
a Core IHF binding sequences were identified by gel retardation assay and DNAase I footprinting. ‘ 
b The number in the bracket represented the center of IHF binding site. ' 
c IHF binding either activated (+) or inhibited (-) expression of operons in the studies cited in references. ！ 
• 
d The core IHF binding sequences were compared with the core IHF consensus WATCAANNNNTTR 
(Friedman, 1988)，where W=A/r，R=A/G and N= any base. 
e ArcA core IHF binding sequence was only a suggested putative core IHF consensus. Aerobic and anaerobic 
expression of arc A gene in pFS34 were found to be slightly derepressed in himA and himD mutants. 
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core sequence ( C A T T C A A A C T G T T A ) is found at position -33 to -21 (-118 to -106) 
with respect to aerobic (anaerobic) transcriptional start site (Fig. 4.1a). Besides 
having high conserved core sequence, the extended sequence of the putative IHF site 
in arcA of pFS34, which covered position -55 to -12 (-96 to -140)，was also similar 
to the IHF extended consensus sequence suggested in Goodrich (1990). Therefore, 
it is quite probable that IHF directly regulates arcA through specific D N A binding at 
this putative IHF binding site. Nonetheless, further confirmations are required. 
The putative IHF binding site of arcA promoter overlaps with the -10 and -35 
regions of aerobic promoter al (Fig. 4.1a). If IHF binds at this site, it will inhibit 
transcription from aerobic promoter by competing with R N A polymerase for binding 
to the -10 region or act as repressor to block the -35 region and prevent formation of 
open initiation complex. Evidence of competing activities between IHF and R N A 
polymerase was found in ompB operon which is negatively regulated by IHF (Tsui 
et al.，1991). In ompB operon, two of the three IHF binding sites overlaps with the -
35 and -10 region of the major ompB promoter. It was found that if R N A 
polymerase was added before IHF, there was little inhibition of ompB transcription 
(Tsui et al., 1991). It was thus suggested that IHF could block R N A polymerase 
access to this promoter and the transcription depends on the relative local 
concentrations of IHF and R N A polymerase. 
However, IHF was found to have no effect on the aerobic expression of arc A, 
indicating that the binding of IHF on aerobic promoter was not favoured in aerobic 
condition. The low binding affinity of IHF may be due to the unfavourable 
topological state of D N A for IHF binding in aerobic condition. Topological state 
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may be important to determine the affinity binding of IHF. IHF is suggested to be 
a site-specific binding protein with 48 base extended consensus binding sites. The 
individual consensus base in the extended sequence may not all contribute to the 
direct contact with IHF, but for the provision of the appropriate D N A conformation 
or flexibility for IHF binding (Goodrich et al,, 1990). For example, IHF may bind 
more tightly to sites that are inherently oriented to bend around IHF. Topological 
state of D N A may change in response to environmental stimuli, e.g. extend of 
supercoiling may be affected by oxygen (Yamamoto & Droffner，1985). Therefore, 
I speculate that the topological state of arcA gene changes in response to anaerobiosis. 
The change would favour the IHF binding in anaerobic condition, but not in aerobic 
condition. 
5.4.1.2 Possible regulatory mechanisms of IHF on anaerobic transcription 
Direct inhibitory effect of IHF through conformation change 
With respect to the anaerobic transcription start point, the putative IHF binding sites 
is far upstream from the -10 or -35 region of the major anaerobic transcript. 
Therefore, an inhibition through binding to the -10 and -35 region may not be 
responsible for the derepression of anaerobic transcription in him mutants. It is 
possible that binding of IHF to that site induces D N A conformational change that 
leads to a reduction in promoter activities. 
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励贿 inhibiting effect of IHF through interaction with other DNA-binding proteins 
One common phenomenon of IHF binding is that it bends the D N A to which it binds. 
(Robertson and Nash, 1988; Stenzel et al, 1987; W u et al, 1992; Ramani et al•， 
1992). The bending of D N A could enhance the promoter activities (Pereira et al., 
1988; Tsui et al, 1988; Pagel and Hatfield, 1991; Tsui et al, 1991) probably 
through changes of the initiation properties of R N A polymerase or it may orient D N A 
to facilitate the contact of an upstream activator with R N A polymerase to activate 
transcription (Su et al，1990; Hoover et al，1990; Rabin et al，1992). Perhaps IHF 
binding to arcA has a similar enhancing effect on anaerobic expression though D N A 
looping and the slight derepression effect of him mutation was only mastered by the 
indirect inhibitory action on upstream activators or other physiological factors by the 
pleiotropic effect of IHF. Indirect effect of IHF was found in ompF operon such that 
IHF inhibited ompF transcription by altering how O m p R interacted with the ompF 
promoter (Ramani et al.’ 1992). 
Inhibitory e f f e c t of transcription of aerobic promoter (al) in anaerobic condition. 
As discussed in Chapter 3，two distinct promoters (al and anl) were activated 
aerobically and anaerobically respectively. The putative IHF binding site overlaps 
with the -10 and -35 regions of aerobic promoter (al) (Section 5.4.2). Therefore, if 
IHF bind preferentially to putative IHF binding site of arcA promoter in anaerobic 
condition, it will inhibit the aerobic promoter transcription anaerobically. 
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Affinity binding of fflF depends on topological state of arcA. 
IHF is speculated to bind to putative IHF binding site preferentially in 
anaerobic condition. The putative binding of IHF are not likely to depend on its 
concentration difference. Concentrations of IHF do not change significantly in E. 
o?//. Only a little (three to five fold) increase of IHF concentration was observed in 
stationary growth phase (Freundlich et al.，1992) and himA and himD gene expression 
was negatively autoregulated by IHF (Miller et al，1981). However, as an abundant 
protein，this little changes in IHF would not play a significant role for fflF in 
regulation. One of the factors that may affect IHF binding is the topological state of 
the target D N A {arcA), D N A topological state, such as the extend of supercoiling 
is influenced by environmental stimuli. Negative supercoiling of D N A increases in 
anaerobic growth and is also influenced by the growth phase (Yamamoto and 
Droffner, 1985). The extend of D N A supercoiling is determined by two enzymes, 
D N A topoisomerase and D N A gyrase. D N A gyrase adds negative supercoils to D N A 
while topoisomerase removes supercoils and relaxes D N A . The increase of D N A 
supercoiling in anaerobic state may due to the increase in D N A gyrase activity. D N A 
gyrase is essential in anaerobically grown bacterial cells and may control the 
expression of genes or operons (Yamamoto and Droffner, 1985). Perhaps the 
activation of gyrase in anaerobiosis changes the topological state of arcA in anaerobic 
condition. This topological change would promote the binding of IHF to the putative 
IHF consensus and bend the D N A of which IHF binds. Then the arcA anaerobic 
promoter anl is activated through D N A looping which provides an optimum structure 
for an upstream activator and R N A polymerase interaction. Simultaneously, the 
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binding of IHF also inhibits the transcription from aerobic promoter as IHF 
overlapped with the -10 and -35 regions of aerobic promoter (al) 
Derepression of arc A in him mutant was due to increase of transcription from aerobic 
promoter 
Another speculation for the slight derepression of arcA in him mutant grown 
anaerobically can be explained by a decrease in affinity for binding of IHF due to an 
unsuitable topological state in him mutant, IHF could also alter gyrase activities. 
Four-folded reduction in gyrase activity was found in himA mutant (Friedman et al., 
1984). A decrease of gyrase activity changes the topological state of arcA, which in 
turn decreases the affinity of IHF and relieves the inhibitory effect of IHF on aerobic 
promoter. Therefore, the slight increase of arcA expression in anaerobic condition 
may contribute to the derepression of aerobic promoter al. On the other hand, other 
unidentified factors may contribute to this observation of derepression effect as the 
himA or himD mutants grow much more slowly than wild type strains. 
5.4.1,4 Possible role for IHF in global regulation of anaerobiosis 
The anaerobiosis induced supercoiling was found to be an important factor for 
transcription of anaerobic induced genes. However, changes in supercoiling alone 
may not be specific enough to turn on anaerobic inducible promoters. Therefore, 
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DNA-binding proteins such as IHF may cooperate with local effects of topology due 
to anaerobiosis and specific binding sequence to turn on anaerobic genes selectively. 
If this speculation was correct, IHF may be an important factor in the global network 
control of regulation in anaerobiosis. U p to now, the anaerobic inducible genes that 
was found to be influenced by IHF include tdc operon, whuich encodes 
biodegradative threonine dehydratase (Wu et al，1992) andp f l operon, which encodes 
pyruvate formate lyase ( Freundlich et al., 1992). 
5.4.1.5 Experimental design 
The effect of IHF protein on expression of pFS34 was investigated with E, 
coli himA and himD mutants which were defective in production of IHF a subunits 
and P subunits respectively. IHF mutant of MCI061-5 was prepared by transduction 
from E. coli. D P B 102 [/z//72^ 452::TnlOd(Tc)] and DPB564 [AhimD3::cat]. Since 
effect of IHF was pleiotropic and no physiological tests to confirm the mutation in 
himA and himD, only selective plates with tetracyclines or chloramphenicol were used 
to screen out successful transductant. It is better to have other confirmation test to 
confirm the presence of himA and himD mutations in these tetracyclines and 
chloramphenicol resistance strains. 
— 一 - - - - - - - “ 
On the other hand, although IHF was found to affect the /3-galactosidase 
activity arcA-lacZ fusion in anaerobic condition for arcA of pFS34. ^ -galactosidase 
activities fluctuated in different assays. As stated by Giacomini et al, (1992)，fi-
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galactosidase activity is markedly affected by variation in parameters such as reaction 
time and culture growth state. In my experiment, himA and himD mutants grew 
much slower than their parent strain. Perhaps the cell culture state affects the value 
of ^ -galactosidase assay, either enhance or diminish IHF effect on arcA expression. 
If IHF is not a main factor or is not the sole regulator on expression of arcA, its 
effect could be distorted by the fluctuation in jS-galactosidase activities. Therefore, 
further confirmation of IHF on arcA regulation is required; for instance, confirmation 
of IHF binding at the putative IHF consensus region by footprinting, or gel 
retardation assays, or study of interaction of IHF on respective aerobic and anaerobic 
promoters by analyzing transcripts expressed in himA and himD mutants. 
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5.4.2 Autoregulatory expression of arcA in pFS34. 
typhimurium arcA gene cloned in low-copy number pFZY 1 plasmid (pFS34) 
was found to be anaerobically induced by 8-fold (Chapter 4，this study; Wong, 1991). 
However, the result was not consistent with that found in E. coli. ArcA gene in E. 
coli was found to be highly expressed under both aerobic and anaerobic conditions, 
and its expression was only slightly increased anaerobically (Park et al, 1992). It 
is speculated that whether the anaerobic inducible expression of arcA in pFS34 is only 
an indirect effect due to unsteady copy number of pFZYl in anaerobic condition or 
negative autoregulation affect anaerobic expression of genomic arcA through an 
autoregulatory element which was not included in pFS34. From the anaerobic 
expression of arc-lacZ fusion in pFS34, autoregulatory expression did not seem to 
occur in pFS34. Autoregulatory expression was reported in E. coli as arcA was 
derepressed anaerobically by 88% in arcA deletion strains (Park et al” 1992). 
Whether the inconsistent result was only due to the absence of an upstream 
autoregulatory element which was excluded in pFS34 or an unknown regulatory 
mechanism different in E. coli and Salmonella typhimurium is uncertain. In the next 
Chapter, a P G R genomic walking technique was used to obtain arcA fragments which 
are longer or shorter than pFS34 at their 5，end. 
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Chapter 6 
P C R walking of arcA from Salmonella typhimurium L T 2 
6.1 Introduction 
Our arcA clone of S. typhimurium, pFS34, was obtained by screening 
anaerobiosis promoters from recombinant LT2 library. Sequence homology searching 
from Genebank revealed that pFS34 was identical to E. coli dye (arcA) gene, which 
was a 1.4 kb pair fragment encompassing coding sequence of Arc protein and 100 bp 
upstream region (Drury, 1985; luchi, 1988). The 5，end of the coding regions 
between cloned S. typhimurium arcA gene in pFS34 and the E. coli arcA were nearly 
identical with only one base difference at the wobbling codon of one amino acid. The 
arcA clone in pFS34 was 0.56 kb in length and had a longer non-coding region (427 
kb) as compared with cloned E. coli arcA (Fig. 1.7a) 
arcA is the global regulator for aerobic respiratory control in facultative 
bacteria (luchi and Lin, 1988)，its own modes of regulation is worth exploring. arcA 
gene in E. coli is highly expressed under both aerobic and anaerobic conditions, and 
its expression was slightly decreased in the presence of O2 (Park et. al., 1992). 
However, the expression of cloned arcA of S, typhimurium in pFS34 is eight-fold to 
ten-fold induced anaerobically (Wong, 1990). Moreover, pFS34 expression did not 
show significant difference in E. coli arcA deletion background (chapter 5) such that 




that there is autoregulation of E. coli arcA as arcA^lacZ expression is derepressed by 
67% to 88% aerobically and anaerobically in arcA deletion strains (Park et, al.’ 
1992). 
ArcA，as a global regulatory protein, was speculated that a negative feedback 
mechanism would exist, on one hand, to prevent wasteful expression and on the other 
hand, to safeguard the would-be harmful excessive activation. In this respect, 
autoregulation might be a common mechanism. Therefore, it was speculated that the 
autoregulatory element of Salmonella arcA had not been cloned into pFS34. In 
addition, some other kinds of unidentified regulator or regulatory element might also 
be located on further upstream regions. So far discussed in this thesis, only putative 
regulatory elements such as IHF, FNR, H N S were suggested in pFS34. The 
anaerobic expression of arcA was not affected by nitrate (Park et. al, 1992; Wong, 
1990) glucose or oxrA (fnr) mutation, which are common regulatory elements in 
respiratory control (Wong, 1990). All of these speculation and unexpected 
discrepencies with the regulation of E. coli arcA lead us to believe that further 
upstream region of arcA, which was not included in our pFS34 clone, may contain 
some important regulatory elements. Therefore, we tried to obtain longer or shorter 
arcA promoter clones from the chromosomal D N A of S. typhimurium LT2 by PCR 
walking. 
First, it was to confirm that our arcA clone in pFS34 is a genuine arcA 
promoter from S, typhimurium. With the use of the arcAcds primer, with its 5'end 
located within the coding sequence of arcA gene, the arcA gene obtained from 
chromosomal D N A by PCR walking could be compared with that in pFS34 and the 
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E. coli arcA gene. Second, cloning the upstream region of arcA can reveal whether 
more important regulatory elements exist. Third, the shorter clones obtained by P G R 
walking would be 5，end nest deleted clones of pFS34. By analyzing residual 
promoter activity of 5，unidirectionally deleted clones, important regulatory region 
could be located. 
The conventional method (e.g. chromosomal walking) for isolating unknown 
D N A sequences adjacent to a known gene from genomic D N A required cumbersome 
and laborious processes of cloning, screening, hybridization and culturing of cells. 
With the development of polymerase chain reaction (PGR), numerous strategies were 
tried to make use of this in vitro D N A manipulation technique to perform genome 
walking. P G R was an effective in vitro enzymatic reaction for amplifying fragment 
of D N A (50bp - 5kb) flanked by pair of oligonucleotide primers. The principle was 
that each of the oligonucleotide primers would hybridized to the complementary 
sequences of the opposite strand of denatured D N A template and extended in 5’ to 
3，direction with Tag polymerase. By repeating denaturing, annealing and extension 
cycles, an exponential increase of the target D N A fragment is achieved (Fig. 6.1a). 
One of the limitation of utilizing P G R technique for genome walking is the 
requirement for knowing the sequences of the targets for specific primers flanking the 
D N A to be amplified. Variations of the basic P G R technique have been developed 
in order to amplify unknown nucleotide sequence that lies upstream or downstream 
from known D N A sequence. Inverse P G R (IPCR) technique (Fig. 6.1b) required the 
recircularization of restriction enzyme cut fragment from genomic D N A . In the 
circular fragment which contain target walking D N A with unknown upstream and 
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Fig. 6 . 1a Schematic representation of polymerase chain reaction (PCR). 
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Eig. 6.1b Strategies used in genomic walking for unknown sequences adjacent to known gene. 
a. Inverse Polymerase Chain Reaction (IPCR) (Triglia et. al” 1988) 
b. Amplification technique using synthetic cassettes (Andre, 1992) 
c. Single specific primer PCR (SSP-PCR) using cloning vector (Shyamala & Ames, 1989) 
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inverse direction would be used as primers for amplifying both unknown upstream 
and downstream regions (Triglia et, al，1988). Unidirectional amplification of either 
upstream or downstream unknown sequence from a known gene was also developed 
by the use of only one single specific primer. At first, this technique was only 
applicable for manipulating D N A at the single-stranded c D N A level (Frohman, et. 
a/” 1988; Loh et, al, 1989). Later modification enable this single-specific-primer 
specific P C R (SSP-PCR) to be used in manipulating chromosomal D N A . These 
methods require ligation of restriction digested D N A to synthetic cassette (Rosenthal, 
1992) (Fig. 6.1b) or cloning vector (Shyamala & Ames, 1989) (Fig. 6.1b) and take 
advantage of the known sequence of those additional materials to produce a flanking 
primer annealing site other than the specific primer which hybridize to the target 
D N A sequence in the known gene. Both IPCR and SSP-PCR have intrinsic 
limitations for amplifying unlmown D N A . Since all these PCR-based methods for 
amplifying unknown sequences adjacent to known sequence use restriction enzymes 
to generate fragments prior to either circularization or ligation of oligo cassettes or 
cloning vector to their ends, the success of genome walking would depend on the 
availability of appropriate restriction enzyme sites, which flanked the target known 
gene and adjacent unknown sequence, within a reasonable distance for PCR 
amplification and cloning. Moreover, the ligation and enzymatic digestion steps are 
also critical. Recently, SSP-PCR was further modified that it no longer required 
prior enzymatic treatment of genomic D N A , but depended on a set of conditions that 
mediated low-stringency P C R amplification to generate numerous fragments of D N A 
for later high-stringency P C R amplification with a single specific primer (Parks et, 
a/., 1991; Parker et. al., 1991). In low-stringency condition such as the use of low 
annealing temperature, the primer-template interaction was sometimes not very strictly 
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specific，arbitrarily-primed polymerase chain reaction (AP-PCR) might occur. A 
primer could hybridize at any sites of genomic D N A where only partial 
complementarity was achieved. These transient primer-template interaction might be 
sufficient to initiate D N A synthesis with Taq polymerase. Therefore, after several 
cycles of amplifications, a sets of D N A fragments flanked by the arbitrary primers 
would be produced although originally there were no complementarity sites in the 
genome. The D N A fragments produced might included the desired walking D N A 
with a unknown upstream or downstream sequence. These target D N A could be 
further specifically amplified with the "walking primer" used in AP-PCR and a 
specific primer under high stringency P G R condition. As a result, a mixture D N A 
fragments, including non-target fragments, which flanked by "walking primers", and 
target D N A fragments, which flanked by "walking primer" and specific primer, 
would be produced. The target D N A would be fished out by hybridization with 
labelled "internal primer" or would be isolated out by colony hybridization after 
cloning. Usually, not all the "walking primers" would successfully produce target 
walking D N A . Arbitrary binding sites might not occur within desirable distance to 
flank the target walking D N A under certain annealing condition or with that sequence 
of arbitrary primer. Therefore, trial and error would be the strategies for SSP-PCR 
with the use of a set of "walking primers" (Parker et. al., 1991; Parks et. al, 1991) ‘ 
or changing of AP-PCR condition. 
In this thesis, novel changes of SSP-PCR were made to walk upstream from 
arcA gene in S. typhimurium LT2. These P G R walking include two critical 
modifications. First, was the introduction of "anchor-random primer" (AR-primer) 
in arbitrarily primed polymerase chain reaction. The anchor-random primer had 
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degenerated bases at its 3，end or near 3,end，i.e. "anchor-random primer" in fact 
provided a sets of walking primers. The sets of primers increased the chance of 
having suitable arbitrary binding near the target walking gene. Second, only one 
cycle of low-stringency P C R were done, which allowed the D N A extended from AR-
primer in 5，to 3，direction for once. As a result, D N A generated would contain AR-
primer sequence at one end only, instead of being flanked at both ends as previously 
described SSP-PCR. After one cycle of arbitrarily primed D N A extension, D N A was 
then used as the template for high stringency P C R amplification with a "specific 
primer" and an "anchor primer". Specific primer was an oligonucleotide that was 
exactly complementary to a coding region of arcA gene, whereas anchor primer was 
an oligonucleotide whose 5，region was homologous to 5'region of AR-primer. 
Without D N A template flanked by AP-primer sequence at both ends, no non-target 
D N A with flanking arbitrarily priming site would be amplified. Therefore, the 
amplified products would only contain a collection of target D N A fragments with one 
common end defined by the specific priming sequence, extended from this end to 
various lengths in the same direction and ended with the anchor primer sequence. 
That is, a collection of nested deletions of the largest D N A fragment in P C R products 
would be produced. The target walking D N A could then be confirmed by 
amplification with an "internal primer" which is complementary to an upstream 
sequence of arcA gene. The whole strategies of P C R walking was outlined in Fig. 
6.1c. The walking D N A would be cloned into pFZYl to analyze its promoter 
activity. 
* 
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6.2 Methods 
6.2.1 Preparation of chromosomal D N A from Salmonella typhimurium. 
Salmonella typhimurium LT2 chromosomal D N A was used as template D N A 
for P C R walking. Single colony of LT2 from LB plate was picked to grow overnight 
culture. An 1% inoculum was transferred to 100 ml LB medium and grown 
overnight at 37°C with shaking. The bacterial culture was then centrifuged and 
resuspended in 9.5 ml T E buffer (pH 8.0). 0.5 ml 10% SDS and 50 20 mg/ml 
Proteinase K (Sigma) were added and the lysate were kept in 37。C or 50。C for 
proteinase K digestion. After one hour incubation, an equal volume of phenol: 
chloroform : isoamyl alcohol in 25 : 24 : 1 ratio was added to extract the denatured 
protein from the aqueous phase. The phenol mixture was mixed gently by inverting 
tube several time and then centrifuged for 10 minutes. The aqueous phase was 
recovered. If the aqueous phase was still heavily contaminated with protein, phenol 
extraction was repeated. An one-tenth volume of 3 M NaAcetate (pH 4.8) was added 
to the aqueous phase. The D N A was precipitated out by gently adding 2 volume of 
absolute ethanol. White thread of D N A would be seen at the interface of ethanol and 
aqueous phase. The D N A was then spooled with a flamed pasteur pipette or the tube 
was rotated gently to let D N A condensed by itself. D N A was then washed with 70 
% ethanol and vacuum dried for 10 minutes. After a brief vacuum drying, D N A was 
resuspended in 15 ml TE buffer. RNase (Sigma) was added to a final concentration 
# 
of 50 fig/ml and the solution was incubated at 3TC for 15 minutes. Proteinase K was 
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added to a final concentration of 50 兆/ml and the mixture was incubated for an 
additional hour. The denatured protein was extracted by phenol / chloroform / 
isoamyl alcohol again. Aqueous phase was recovered and 1/10 volume of 3 M 
NaAcetate (pH4.8) and 2.5x volume of absolute ethanol were added to precipitate 
D N A . D N A was then spooled out or centrifuged down and then washed with 70% 
ethanol, vacuum dried and finally resuspended in 5 - 10 ml TE buffer. The quantity 
and quality of D N A was analyzed by spectrometric measurement and agarose gel 
analysis. 
6.2.2 Amplification of genomic arcA by linear P G R with arcAcds primer. 
In order to increase the ratio of template arcA gene fragments for PGR 
walking, thirty-five cycles of linear P G R were first performed with arcAcds primer 
(5，-TCG T C T T C A A C G A T A A G A A T G T G C G G G GTC-3, synthesized from 
Operon Technologies, Inc.). ArcAcds primer was a specific primer which hybridized 
complementarily to the 5'coding region of arcA gene. PGR amplification was 
performed in 100 /xl reaction volume and the reaction was hot-started with the use of 
Ampliwax (Perkin-Elmer Cetus Inc., Norwalk, CT). The lower layer contained 1 x 
P G R buffer, 200 /xM each of dNTP and 1 /xM arcAcds primer. Ampliwax was laid 
on the top and heated at 95。C for 3 - 5 minutes. The melted Ampliwax was then 
cooled at room temperature and allowed to solidify at top of PGR mix. Then 1 fil 
template genomic LT2 D N A (lOOng), 0.5 fil of 5U Amplitaq (Perkin-Elmer Cetus 
Inc.) and H^O were added on top of solidified Ampliwax. The sandwiched PGR 
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reaction mixture would mixed automatically when the PCR cycle was started. Linear 
P C R amplification was done for 35 cycles with Cetus 4800 thermocycler. Each 
profile consisted of a 30 second denaturation step at 92。C, a 1 min annealing step at 
580C and an extension step at 70。C for 3 min. After thirty five linear PCR cycle, 
arcAcds primer with removed by centricon 30 (amicon, 30,000 M W cutoff) and D N A 
recovered as used as the template for one-cycle low-stringency PCR with anchor 
random primer. 
6.2.3 L o w stringency P C R amplification of single-stranded arcA gene fragment 
and genomic D N A with anchor-random primer (delC-32R & delC-34R). 
T w o kinds of anchor-random primers (delC-32R & cielC-34R) were used for 
one cycle arbitrary primed PCR. These two primers were previously synthesized in 
our laboratory for the purpose of amplifying genes other than arcA. Del-C32R 
contained six degenerated bases at 3，end (5，-GTA A A A C G A C G G C C A G T C C C A 
A G C T T N N N N NN-3'). Del-C34R had degenerated bases near 3，end (5，-GTA 
A A A C G A C G G C C A G T G C C A A G C T T N N N N NNCC-3，). These two primers 
were expected to hybridize to template D N A (single-stranded arcA fragment or 
genomic D N A ) where there was partial complementarity and extended in 5，to 3， 
direction with one cycle of low-stringency PCR condition. Low-stringency PCR was 
performed in 100 fil reaction volume with a C O Y thermocycler. PCR mixture 
included 40 fil template D N A from linear PCR, 16 fil of 1.25 M dNTPs, 10 of 10 
X P C R buffer, 9 fxl of 20 ^ M MgCl!，25 ixl of 40 ^ M anchor-random primer (either 
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DelC-32R or DelC-34R) and lU Amplitaq (Perkin-Elmer Cetus Inc.). Only one 
cycle of the low-stringency P C R was done with the profile of denaturing at 94。C for 
5 minutes (ramp time = 0.01 sec), annealing at 25。C for 5 minutes (ramp time = 3 
min.) and extending at 72°C for 10 minutes. The P C R products were used as the 
template for the high stringency P C R amplification without purification. 
(5.2.4 High stringency P C R amplification with arcAcds primer and delC-23 
primer 
Next step was the high stringency P C R amplification with delC-23 primer and 
a specific primer, arcAcds. DelC-23 primer (5'-GTA A A A C G A C G G C C A G T G 
C C A AG-3，，Operon Technologies, Inc.) had same 5' end sequence with (ielC-32R 
primer or delC-34R primer except for the degenerated bases at 3’ end. ArcAcds 
primer was the one used previously in linear P C R amplification for specific hybridize 
on the 5，coding region of arcA gene. For 10 jxl reaction volume of polymerase 
chain reaction, it contained 1 JLIM arcAcds primer, 1 y M delC-23 primer, 1 x P C R 
buffer, 0.2 m M dNTPs, 1 /zl D N A template from product of random primer (delC-
32R or delC-34R) amplification and 0.25 U Amplitaq (Perkin-Elmer Cetus Inc.). The 
primers mix was first heated at 65°C for 2 minutes and the P C R mix was heated at 
95。C for 5 minutes before adding Amplitaq. The reaction mixture was then overlaid 
with one drop of mineral oil and subjected to 35 cycles of P C R amplification in Cetus 
4800 thermocycler. Each cycle contained denaturation at 94。C for 1 min. followed 
by primers annealing at 50。C for 1 min. and elongation at 72。C for 3 min. After ‘ 
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these 35 cycles of amplification, one additional cycle with elongation at 72。C for 10 
mins was followed： 2 of loading buffer was added to PGR product and analyze 
by 1.8 % agarose gel. 
6.2.5 High stringency P G R amplification with arcAusp2 primer and delC-23 
primer. 
Since last P G R amplification by arcAcds primer and delC-23 primer was done 
in 10 fxl reaction volume and all was used in gel analysis, high stringency PGR 
amplification was repeated for once more time with delC-23 primer and arcAusp2 
primer and some of P G R product would be saved for checking the flanking ends of 
amplified fragments. ArcAusp2 primer was also a specific internal primer (5’-GCC 
C G G G A T C C A T G T C G C A A A T T A A C A T G A T C G G C G T A A C-3，）which 
hybridized to the upstream of arcA coding region and corresponded to position 2 to 
35 of the 5，end of cloned E. coli arcA (dye) gene (Durry, 1985; luchi, 1988) (Fig 
3.1b). The high-stringency PGR reaction mixture and condition were the same as 
previously described except that annealing temperature was increased to 57。C. 4 fil 
of P G R products was used for 1.8 % agarose gel analysis and the remaining was 
saved and used as template for checking flanking ends. 
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6.2.6 High stringency P C R amplification with delC-23 primer only, arcAusp2 
primer only and mixture of delC-23 and arcAusp2 primers. 
This was performed to determine the flanking ends of the major fragments 
amplified from previously high-stringency P C R with arcAusp2 and delC-23 primer. 
Since the D N A template used for checking was only mixture of PCR product from 
previously high-stringency P C R (i.e. individual fragment was not cut out from gel), 
we assumed that the major fragments appeared in gel was the major D N A template 
to be amplified in this P C R for checking and other minor D N A would not be D N A 
template to mask the confirmation result. Three sets of PCR amplification were 
performed for flanking ends checking. One contained only arcAusp2 primer to check 
whether both ends were flanked by arcAusp2 primer sequence. The other contained 
only delC-23 primer to check if both ends were flanked by delC-23 primer sequence 
and these would be the non-target fragment {non-arcA fragments). The third set 
contained both delc-23 .and arcAusp2 primer. The high stringency PCR condition 
were used previously described except for the increase of annealing temperature to 
58®C and the reaction volume was 25 /xl. 
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6.2.7 High-stringency P C R amplification with arcAusp2 only and Sau3A 
restriction enzyme digestion of P C R products. 
Since fragments from PCR amplification with only arcAusp2 could be target 
D N A if arcAusp2 annealed specifically on arcA gene at one end and arbitrarily 
annealed to the upstream region. If this happened, Sau3A digested PCR product 
would be expected to have one fragment which was about 357 bp in length because 
the cloned arcA gene in pFS34 had a Sau3A recognition sites 357 bp upstream from 
arcAusp2 priming site. ArcAusp2 primer had a build-in BamHI restriction 
recognition sites (isoschisomers of Sau3A restriction enzyme). If PCR products 
amplified with only arcAusp2 primers was confirmed to be target arcA D N A , the 
products could be cloned into suitable vector after BamHI restriction digestion. 
The template used was that prepared as described in section 6.2.5. A volume 
of 100 fjil of P C R reaction was performed and the PCR mixture composition was the 
same as previously described. For high stringency PCR amplification, 59°C 
annealing temperature were used. Tern /xl of PCR products were used for gel 
analysis and 6 ^LCI was used for restriction enzyme digestion analysis. The remaining 
was saved for cloning into pUC18 for sequencing. The 10 restriction enzyme 
digestion mix contained 6 fxl of PCR product, 1 x K G B and 1 U of Sau3A restriction 
enzyme (New England Biolabs). The digestion mixture was incubate at 37。C for 12 
hours and then used for 1.8 % gel analysis after the addition of 2 loading buffer. 
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6丄8 Cloning of P G R walking products into pUC18 and heat-shock 
transforming into E.colL JM83. 
The P G R products from the reaction with arcAusp2 (Section 6.2.7) were used 
to ligate with pUC18 plasmid for sequencing. The PGR products were first purified 
by phenol/chloroform/isoamyl alcohol extraction, ethanol precipitation and 
resuspended into 6 ddH^O and the protocols were the same as previously described 
(Section 4.2.3). Plasmid pUC18 was prepared by QIAGEN (Section 4.2.11.2). The 
concentration of P G R walking D N A and pUC18 plasmid were estimated by 
spectrometric measurement at O.D.jgonm where 1 O.D. = 50 ug/ml. Then PGR 
walking D N A and pUC18 plasmid were digested in a 10 reaction mixture with 
BamHI restriction enzyme (New England Biolabs). After overnight incubation at 
37®C, appropriate amounts of digested pUC18 and PGR walking D N A were combined 
to a molar ratio of 5:1 in 10 /xl ligation mixture. The pooled D N A were phenol 
extracted to remove the residual restriction enzyme before ligation. It was then 
resuspended in 8 fxl ddHjO. To this 8 fil D N A , 1 fxl lOx T4 ligation buffer 
containing l O m M A T P (New England Biolabs), 1 jxl of 20U/M T4 D N A ligase (New 
England Biolabs) were added. This 10 fd ligation mixture was incubated at 12 -16。C 
for 24 hours and then used for transformation without further purification. For 
transformation, heat shock competent £：, coli, JM83 was prepared (Section 4.2.11.1). 
Five /xl of the ligation mixture were heat-shocked transformed into competent JM83 
(Section 4.2.11.1) and plated on selective LB-amp-xgal plate. Those colonies which 
were white in colour were restreaked onto new LB-amp-xgal plate. 
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6.2.9 Confirmation of inserts in the clones and estimation of inserts size by P G R 
High stringency P G R with M13RS-48 and arcAusp2 primers were used to 
check for the presence of insert and estimation of insert size. M13RS-48 (5，-AGC 
G G A T A A C A A T T T C A C A C A GGA-3’）was complementary to the region outside 
the multiple cloning site of pUC18 plasmid (Fig. 6.3.lid). ArcAusp2 was a specific 
internal primer upstream of the coding region of arcA gene and was the primer used 
in P G R walking. Several white colonies were selected from LB-amp-xgal plate and 
heat lysed at 95°C to obtain D N A template directly for P G R (Section 4.2.8). PG R 
was done in 10 fxl reaction mixture with 0.2 m M dNTPs, IfiM each of primers, 1 x 
P C R buffer. Thirty five cycles with denaturing at 94°C for 1 mins, annealing at 57。C 
for 1 mins and extending at 72。C for 3 minutes was performed. One additional cycle 
with extending for 10 minutes was finally added. The P C R products were analyzed 
by 1.8% agarose gel electrophoresis. 
6.2.10 Dideoxy sequencing of P C R walking arcA fragment in pUC18. 
Several clones which had either longer or shorter inserts as compared with the 
cloned arcA in pFS34 were selected for sequencing. The recombinant plasmid was 
prepared by Q I A G E N and dideoxy sequencing with [of-S〗勺 dATP (10 uCi, 
Amersham) was done with reagents purchased from Pharmacia in T7 Sequencing™ 
kit. The double-stranded recombinant plasmid was first denatured with N a O H before 
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sequencing and the sequencing reaction protocols followed the instruction manual in 
T7 SequencingTM kit as previously described (Section 4.2.11.2). M13RS-48 primer 
and arcAuspS primer were used in sequencing reaction. ArcAusp3 was an internal 
primer (S'-TTT G T G G G T A C C T T C C C T C T G G A C CC-3，)，which hyridized to 
an upstream region and its 5，end was complementary to position -41 with respect to 
the anaerobic transcriptional start point. The sequencing ladder were analyzed in 6 
% urea-polyacrylamide gel (Section 3.2.7). 
6丄11 Subcloning of arcA fragment into pFZYl and P C R analysis for 
insertion of one insert with proper orientation. 
For clones which was confirmed to have a arcA gene fragment shorter than 
pFS34, inserts were amplified with M13RS-48 primer and arcAusp2 primer annealing 
at 5TC in 100 fxl P C R reaction. The M13RS-48 primer, which annealed outside the 
multiple cloning sites of recombinant pUC18, had a unique EcoRI restriction enzyme 
site, whereas the arcAusp2 primer had one BamHI restriction enzyme sites. PCR 
amplified products were digested with EcoRI and BamHI restriction enzyme and 
ligated to EcoRI & BamHI digested pFZYl. For the clones with longer sequence 
than pFS34, it was amplified with arcAusp2 primer only and then digested with 
BamHI restriction enzyme. The BamHI digested PCR product were ligated to 
digested p F Z Y L In order to minimize the formation of contatamer of insert during 
ligation, molar ratio of insert to pFZYl was kept to 2:1. AU other procedures for 
high stringency PCR amplification, restriction enzyme digestion and ligation were the 
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same as previously described (Section 7.2.8). The ligation mixture was then 
transformed into competent S. typhimurium JR502 cells by heat shock transformation 
and plated on LB-amp-xgal plate. Those clones which were light blue of blue colour 
as compared with control pFZYl and pFS34 were restreaked on new LB-amp-xgal 
plate and subject to PCR analysis for the presence the right number of insert in 
proper orientation. 
Three sets of P C R were done with different primers combinations. The first 
set used ArcAusp2 primer. The second one amplified with EcoRI-ext and ArcAusp3 
primer. The third sets included M13RS-48 and arcAusp2. The condition of PCR 
amplification was the same as previously described. PCR products were analyzed by 
1.8% gel electrophoresis. By comparing the size of each fragments amplified with 
different combination of primers with the expected length of fragments, the size and 
orientation of insert could be determined (Fig. 6.3.lid). 
6.2.12 jS-galactosidase assay of P C R walking arcA fragment - lacZ fusion. 
The final step was to assay the promoter activities of the shorter and longer 
arcA fragments in pFZYl. Cells were cultured in LB-amp50 medium in both aerobic 
and anaerobic condition to study the anaerobiosis effect. Moreover, the effect of 
nitrate and glucose on aerobic and anaerobic expression of arcA-lacZ fusion were also 
studied. For study of nitrate effect, 10 m M of nitrate was added to the culture 
medium. Minimal M 9 medium with 10 m M glucose was used as a test medium for 
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studying glucose effect. 10 m M of arabinose was used as carbon source for controls. 
The protocols for /5-galactosidase assay was modified from that described by Miller 
(1972) as described in Chapter 4. The aerobic and anaerobic activities were 
expressed in Miller units. 
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6.3 Results 
6丄1 Preparation of chromosomal D N A from Salmonella typhimurium LT2. 
Chromosomal D N A of Salmonella typhimurium LT2 was used as starting 
D N A template for P C R genome walking. 0.8% agarose gel analysis of chromosomal 
D N A was shown in Fig. 6.3.1a. The concentration of chromosomal D N A 
resuspended in 1 ml T E buffer (pH 8.0) was 0.65 jag/^ A with O.D.250/280om = 1.828. 
The diluted sample of about 100 ng were used in linear P C R amplification. 
6.3.2 Amplification of genomic arcA by linear P C R with arcAcds primer. 
In order to increase the ratio of template arcA gene fragments in genomic 
D N A for P C R walking, thirty-five cycles of high-stringency P C R were done with 
only arcAcds primer. The arcAcds primer would hybridize specifically to 5'coding 
region of arcA gene and extended in 5，to 3，direction with Taq polymerase. As a 
result, copies of single-stranded arcA fragment with arcAcds primer sequence at its 
5'end and upstream region extension would be produced. Since the number of copies 
only increased arithmetically in linear P C R amplification, the amount were too little 
for gel analysis. The P C R products were proceeded directly to next low-stringency 
P C R amplification with random anchor primer without analysis, but removal of 
arcAcds primer by centricon™ 30. 
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Figure 6.3.1a. Agarose gel electrophoresis of chromosomal D N A of 
Salmonella typhimurium LT2. Lane 1，DNA size marker of XHindlll. Lane 
2，chromosomal D N A of LT2. 
» 
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6.3.3 L o w stringency P C R amplification of single-stranded arcA gene fragment 
and genomic D N A with anchor-random primer (delC-32R & delC-34R). 
T w o kinds of anchor-random primers (delC-32R & delC-34R) were used 
separately in two samples for one cycle arbitrary primed P C R amplification. DelC-
32R was six-base degenerated at 3,end and delC-34R had six degenerated bases from 
two bases next to 3，end. They were the set of "walking primers" annealing 
arbitrarily on template D N A . As a result, after one cycle of low-stringency PCR, 
which only allowed the D N A extended from anchor-random primer in 5，to 3， 
direction once, a sets of D N A fragments with one end of anchor-random primer 
sequence were expected to be produced and they were used as template for next step 
high-stringency amplification. 
6.3.4 High stringency P C R amplification with arcAcds primer and delC-23 
primer. 
The P C R products after one cycle of arbitrarily primed P C R with anchor 
primers (delC-32R or delC-34R) were used as D N A templates for thirty five cycles 
of high stringency P C R amplification with arcAcds and delC-23 primer. 1.8% 
agarose gel analysis of P C R products were shown in Fig. 6.3.4a. Only the sets with 
D N A template from low-stringency P C R with delC-32R primer (Section 6.3.3) had 
three major bands in the gel. The other sets with D N A template from low-stringency 
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Figure 6.3.4a. Agarose gel electrophoresis of PGR products resulted from 
high stringency P G R amplification with primers arcAcds and delC-23. D N A 
template was from the PGR products after one cycle low-stringency reaction 
with either random anchor primer delC-34R (Lane 1 - 5) or delC-32R (Lane 
6 -10). Thirty-five cycles of PGR was perfomed with annealing temperature 
at 50。C and then the products were analyzed by 1.8% agarose gel 
electrophoresis. Lane 11, D N A size marker of pBR322 D N A -Mspl digest. 
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Table 6.3.4a. Summary of the major PCR products in different steps of genomic walking. 
• 
Figures Fig. 6.3.4a Fig. 6.3.5a Fig. Fig. pjg^  
6.3.6a 6.3.7a 6.3.7b 
DNA PCR pdt. from PCR pdt from Fig. 6.3.5a Fig. 6.3.5a PCR pdt. from Fig. 6.3.7a Fig 6 3 7a 
template delC-32R ddC-32R delC-32R lane 4 lane 4 . 
Primers arcAcds arcAusp2 arcAusp2 arcAusp2 arcAcds arcAusp2 arcAusp2 
clclC-23 delC-23 delC-23 delC-23 
Lane Lane 6, 9, 10 Unc 1 Lane 2 Lane 4 Lane 5 Lane 3 Lane 2 
Band a 841 V 900 746 * 725 v 789 752 * 789 
Bandb 637 781 361 • 631 580 370 • 703 
Bandc 554 730 v 297 - 491 - 627 
Band d - 677 - - 373 • 
Band length (Idb) was calculated with reference to DNA size marker as log � MW = migration distance. 
If same symbol (V，4», • ) appear next to band length, it mean that these two bands might be the same. 
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P C R with delC-34R had no apparent amplification. Although the D N A marker of 
pBR322/MspI cut were not in the range of the amplified bands, sizes of bands were 
estimated from log^oMW against migration distance plot of D N A marker as log,oMW 
was inversely proportional to migration distance. The size of the amplified bands a, 
b and c corresponded to 841bp, 637bp and 554bp (Table 6.3.4a). 
6.3.5 High stringency P C R amplification with arcAusp2 primer and delC-23 
primer. 
Since the last P C R amplification by arcAcds primer and delC-23 primer was 
done in 10 fil reaction volume and all was used in gel analysis, high stringency PCR 
amplification was repeated once more with delC-23 primer, but with a further 
upstream specific primer, arcAusp2. One sample using template from low-stringency 
P C R with delC-32R primer was amplified. The gel analysis of PCR products is 
shown in Fig. 6.3.5a. Three major bands a，b，d and one minor band c were found. 
With reference to D N A size marker in logMW against migration distance plot, the 
bands a, b, c and d were 859 bp, 781bp, 730bp and 677bp respectively (Table 
6.3.4a). Since the priming sequence between arcAcds and arcAusp2 in pFS34 
differed by 103bp (Fig. 3.1b), the band a (841bp) amplified with delC-23 primer and 
arcAcds primers (Fig. 6.3.4a) would be the same arcA fragment as the band c 
(730bp) amplified with cielC-23 primer and arcAusp primer. (Fig. 6.3.5a). 
. Page 203 
1 2 3 
I 
^ H ^ ^ K ! - 622 
I 
Figure 6.3.5a. Agarose gel electrophoresis of PGR products resulted from 
high stringency P G R amplification with primers arcAusp2 and delC-23. D N A 
template was from the PGR products after one cycle low-stringency reaction 
with cielC-32R, Thirty-five cycles of PGR was performed with annealing 
temperature at 5TC and then the products were analyzed by 1.8% agarose gel 
electrophoresis. Lane 1，PGR products. Lane 2，DNA size marker of 
pBR322 DNA-MspI digest. 
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6.3.6 High stringency P G R amplification with delC-23 primer only, arcAusp2 
primer only and mixture of delC-23 and arcAusp2 primer to check for 
flanking ends of bands. 
P C R products from Section 6.3.5, which was amplified in a cielC-23 and 
arcAusp2 primed high-stringency P C R reaction, was used as the template. Three sets 
of P C R samples were done with different combination of primers (delC-23 only, 
arcAusp2 only, delC-23 & arcAusp2) with the aim of checking for the flanking ends 
of the major fragments in template (Fig. 6.3.5a). However, the D N A template used 
for checking was only mixture of PCR product (i.e. individual fragment was not 
extracted from the gel), I in fact checked the flanking ends of possible fragments, 
probably the major fragments, present in P C R product. After thirty-five high-
stringency P C R amplification, P C R products were analyzed with 1.8% agarose gel 
(Fig. 6.3.6a). In the set with delC-23 priiner only, no apparent bands were found in 
•、• 
the gel, implying that no D N A template was flanked by delC-23 primer sequence. 
Several different major bands were amplified with different combination of primers 
(arcAup2 only, arcAusp2 & delC-23) and their length was shown in table 6.3.4a. 
For the P C R reaction with arcAusp2 & delC-23 primers, only band a (725bp) was the 
same as band c (730bp) in template D N A (Table 6.3.4a). The other bands in 
template D N A might not be preferably amplified or they were not flanked by 
arcAusp2 and delC-23 primer sequence. Surprisingly, two major bands were found 
in P C R products amplified by arcAusp2 primer only. Apparently, in template D N A , 
some fragments had ends flanked by arcAusp2 primer sequence. As the template 
D N A was the P C R product amplified by delC-23 and arcAusp2 primer in high 
stringency condition, all fragments was expected to be flanked by delC-23 and 
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Figure 6.3.6a. P C R analysis for the flanking ends of fragments in D N A 
template with combination of different primers. The D N A template was the 
P C R products from high-stringency P C R amplification with primers arcAusp2 
and delC-23 primer. Thirty-five cycle of P C R with annealing temperature at 
58。C were performed and products were analyzed by 1.8% agarose gel. Lane 
1，DNA size marker of pBR322 DNA-MspI digest. Lane 6，DNA size 
marker of XDNA-BstEH digest. Lane 2, P C R products amplified with 
arcAusp2 primer. Lane 3，PCR products amplified with cielC-23 primer. 
Lane 4，PCR products amplified with delC-23 primer and arcAusp2 primer. 
Lane 5，PCR products amplified with arcAcds primer and delC-23, but with 
D N A template from the low-stringency P C R with random anchor primer 
DelC-32R. Lane 7, control for P C R reaction. 
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arcAusp2 primer. The arcAup2 flanking fragment might be due to the PCR condition 
was not stringency enough for specific priming ofarcAusp2 in this or in the previous 
P C R amplification. The question was whether both ends of fragments were from 
non-specific priming or one ends of fragment were resulted from specific priming of 
arcAusp2 primer on arcA gene. If it was the latter, the products would be arcA 
upstream walking fragment or deletion fragment. The PCR amplification by 
arcAusp2 primer would facilitate cloning as it had build-in BamHI restriction site. 
6.3.7 High stringency P C R amplification with arcAusp2 and Sau3A restriction 
enzyme digestion of P C R products. ‘ 
'-ft 
P C R amplification was repeated with the use of arcAusp2 primer and D N A 
template from Section 6.3.5 (Fig. 6.3.7a, Fig 6.3.7b). Same bands were produced 
as shown in Fig. 6.3.6a, lane 2 and Fig 6.3.7a, lane 3. In order to check whether 
the amplified fragment was specific product of arcA gene, the P C R products were 
digested with Sau3A restriction enzyme. Since arcA in our pFS34 clones have one 
Sau3A site located 357 base upstream from arcAusp2 priming site, the arcA walking 
products were expect to have one 357 bp fragment after digestion. From 1.8 % gel 
analysis (Fig. 6.3.7a), two major bands a and b, corresponded to 752bp and 370bp 
were found in P C R product. Digestion with Sau3A restriction enzyme yielded two 
bands. One was a thick band with a length of 351bp-371bp, the other one was 402bp. 
The digestion of the 752bp band in PCR product thus resulted in one 351bp band and 
one 402bp band. 
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Figure 6.3.7a. Restriction enzyme Sau3A digestion of P C R products 
amplified with arcAusp2 primer. D N A template was P C R product from high-
stringency P C R amplification with arcAusp2 and delC-23 primer. After thirty 
five P C R cycles with annealing temperature at 59°C with arcAusp2 primer, 
the products were digested with Sau3A restriction enzyme at 3TC for 
overnight and analyzed by 1.8% agarose gel electrophoresis. Land, D N A 
size marker of XDNA-BstEII digest. Lane 2, D N A size marker of pBR322 
DNA-MspI digest. Lane 3, the undigested P C R product. Lane 4, the Sau3A 
digested P C R product. Lane 5，control for PCR. 
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Figure 6.3.7b. Agarose gel electrophoresis of PCR product amplified with 
arcAusp2 primer. D N A template was PCR product from high stringency PCR 
amplification with arcAusp2 and delC-23 primer. Thirty-five cycles of PCR 
with annealing temperature at 59°C was done, products were analyzed by 
1.8% agarose gel electrophoresis and then cloned into pUC18 for sequencing. 
Lane 1，DNA size marker of pBR322 D N A - Mspl digest. Lane 2-3, PCR 
products amplified with arcAusp2 primer. 
Page 209 
6.3.8 Cloning of PGR walking products into pUC18 and heat-shock 
transforming into E.colL JM83, 
The P G R products (Fig. 6.3.7a-b) from section 6.3.7 were purified, digested, 
ligated into pUC18 and transformed into JM83 by heat shock transformation. The 
transformation efficiency estimated with the uncut pUC18 plasmid = 1.3 x 10^ 
transformants / jxg of D N A . One hundred white colonies were picked from selective 
LB-amp50-xgal plate and restreaked on a new plate. 
6.3.9 Confirmation of inserts in the clones and estimation of inserts size by PCR 
I 
Sixteen clones were selected to check for insert by P C R with arcAusp2 
primer. 1.8% gel analysis of PCR product was shown in Fig. 6.3.9a and Fig. 
6.3.9b. 
6.3.10 Dideoxy sequencing of arcA PCR walking fragment::pUC18. 
Clones no. AUl, AU2, AU3, AU25, AU39, AU42, AU43, AU51, AU54, 
AU87 were sequenced with arcAusp3 primer and confirmed to be arcA clone. 
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Figure 6.3.9a. Agarose gel electrophoresis of P C R products amplified with 
arcAusp2 primer with template D N A from the recombinant plasmids of P C R 
walking clones. P C R walking D N A was cloned into pUC18 plasmid and 
transformed into JM83. Template D N A of recombinant plasmid was obtained 
by heat-lysis at 95°C for 5 minutes. The presence and size of insert was 
checked by P C R with the flanking primer, arcAusp2, annealing at 57°C. The 
P C R products were then analyzed by 1.8% agarose gel electrophoresis. Lane 
1-8，PCR products from recombinant clones AUl, AU39, AU2a, AU81, 
AU87，AU26, AU39 and AU41 respectively. Lane 10-18, P C R products of 
AU42, AU44, AU2, AU3, AU41, AU43, AU39, AUTO and A U l in that 
order. Lane 9，DNA size marker of X DNA-BstEII digest. 
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Figure 6.3.9b. Agarose gel electrophoresis of P C R products amplified with 
arcAusp2 primer with template D N A from the recombinant plasmids of PCR 
walking clones. P C R walking D N A was cloned into pUC18 plasmid and 
transformed into JM83. Template D N A of recombinant plasmid was obtained 
by heat-lysis at 95°C for 5 minutes. The presence and size of insert was 
checked by P C R primer arcAusp2, annealing at 57。C. The P C R products 
were then analyzed by 1.8% agarose gel electrophoresis. Lane 1，X D N A -
BstEn digest. Lane 2, P C R products from control non-recombinant pUC18. 
Lane 3-14, P C R products from recombinant clones AUl, AU2, AU3, AU6, 
AU18, AU26, AU39 and AU40, AU41, AU42, AU43 and AU44 respectively. 
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ArcAusp2 primer sequence 
— — _ . 
5， CAAATTAACATGATCG GCGTAACTAGTTGGAATATT 
rnmmm mm 
arcA sequence in pFS34 
GCAAATTTGTGATGAAAGCT AGCATTTAGCTACGATGATT TCATCAAACTGTTAACGTGC 
r r 严 
TACAATTGAACTTGATATAT GTCAACGAAGCGTAGTTTTA TTAGGTGTCCGGTACGTCTT 
/ 
AGCCTGTTATGTTGCTGTTA AAATGGTTAGGATGACAGCC GTTTTTGACACTGTCGGGTC 
CAGAGGGAAAGTACCCACGA CCAAGCTAATGATGTTGTTG ACGTTGATGGAAAGTGCATC 
AAGAACGCAATTACGTACTT TAGTCATGTTACGCCGATCA TGTTAATTTGCGACATGGATCC 
ArcA us p2 priming sequence 
Fig. 6.3.10f The sequence ofAU2, AU39 and AU42. 
AU2, AU39 and AU42 had shorter fragment of arcA gene than that in pFS34. The 5'cleleted fragment was 
obtained by PCR walking from genomic DNA of S. typhimurium LT2. The PCR walking arcA fragment was 
flanked by arcAusp2 primer, which was a primer used in PCR walking. The uppercase sequence represent 
the sequence of AU39. Base changes in other clone were indicated in lowercase letter. 
. Page 218 
G A T C 
• ： 二 一 -
arcA in pFS34 ； g ： ^ 
一 
JL ： 一 ； 
,___.---—. 
w • m • * < 
• ‘ ― ^ 
一 _ _ — , 
‘ . 一 
I _ • 、 “ 
丨.I —. • m ‘ 
I • 




Figure 6.3.lOg. Sequencing ladder of 
: H * clone AU43. Dideoxy-sequencing of 
^ 一 ， ： 
' 一 ― 項 • pUC18::AU43 with M13RS-48 primer 
S 
'sr i 
I 二 —' and was analyzed with 6% denaturing 




arch primer scq. M 
i 幽 i 
• 5' I 
. Page 219 
Iz；；；；；^^  Figure 6.3.10h. Sequencing ladder of 
画 ： clone AU43. Dideoxy-sequencing of 
3 ‘ 
_ 画 一 ’ pUC18::AU43 with arcAusp3 primer 
f " . . ， ： 
魅雄 and was analyzed with 6% denaturing 
mm tm 
. polyacrylamide gel and exposed to x-
i 總、赞 ray film. 
warn 
一 一 ••1 2SS iSSS 明 
m lium . 
- 想 ： 
k ’、， i 
m 
- 誦 
: • 'mm 
j ^ H Page 220 
« 208 
G A T C 
• GATC 
^ ^ ^ ^ a r c A in pFS34 ； ^ H H 
閨 譯 — 
場 I 譯 
： ： 动 虎 实 = 
： 一 丨 ： — 
二 ^ ^ 尝 
兔 ― : 〜 . 一 一 - — 
丨 F i g u r e 6.3.lOi, Sequencing ladder of 
一 ；- 一 H clone AU51. Dideoxy-sequencing of 
J 二 r 
, pUC18::AU51 with M13RS-48 primer 
一 ti I— ！ 
丨 一 < G — a 
^ g j 、 | = = 一 — and was analyzed with 6% denaturing 
- € r z r 
J r ^ 丨 = ： 二 polyacrylamide gel and exposed to x-
I . 一 ， ray film. 
U 二 一 
r ^ 
j j f T 一 一 一 
: : : — 
arcA primer seq. ‘ • 
iJI 1 : 
謹 1 , 二 一 _ L-
I ^ ^ H Page 221 • 
G A T C 
_ 
I ^ H 
li^^lPI Figure 6.3.lOj. Sequencing ladder of 
韉 一_. clone AU51. Dideoxy-sequencing of 
S i r ^ p u c 18::AU51 with arcAusp3 primer 
"1 and was analyzed with 6% denaturing 
mj polyacrylamide gel and exposed to x-
JjLpyWiS 






H «208 Page 
GATC 
、 . G A T C I ^ H 
arcAinpFSM j ^ g T ： ] 丁 ” “ “ 
i ！ - • 丨 • 
— i 
— I • sss 
I l i a — • ^ ^ ^ 
I 一 -- ，••崎••供 
I 一" 二 3 , 二一 
• . 丨 丨 
, — ^ 'HH厂 
I ‘ - % ^ ^ 
— — - * ； 
二81^ —— . 麵 I 
一 … i 
； 一 一 — 
i 
一 - . — -
至 — . • 运 一 
妄 I 费 
-_ { . 一 1 
* I I -- ^^^mm • - —1一 i 
一 一 , 一 ' 
I - t ... - t P • mtm 
, .. ‘ • ^ ’ " • ： 
.二：：二 I - “.ss: 一 
_ 三 S Figure 6.3.10k. Sequencing ladder of 
—：二 一溶— clone AU87. Dideoxy-sequencing of 
— — 一二 pUC18::AU87 with M13RS-48 primer 
^ - — ！ ? 一 一 and was analyzed with 6% denaturing 
1^1 - polyacrylamide gel and exposed to x-
丁 二一 ！ 一——… ray film. 
u f一 I 狐 一 . .... —I fm^ 1 r ！ 
！ 
arcA primer seq. 一 i 
zz j 
— i ‘ 
^ 一 m ^ ^ 
个 一 一 m^m 
M 醒 ， 
H H 5 t Page 223 二 m -
G A T C 
1 » mJ/r^ 
S i L S ® 一 T — C 
一 ‘ ‘ 燃 … 
m 「_-
B 一 
„ mm — 
srt; 
一 Figure 6.3.101. Sequencing ladder of 
— clone AU87. Dideoxy-sequencing of 
mrnm 
一 pUC18::AU87 with arcAusp3 primer 
— and was analyzed with 6% denaturing 
1 一 polyacrylamide gel and exposed to x-
- ray film. 
217 » 
lliiiii Page 224 
AAT TCGAGCTCGGTACCCGGG^ 
ArcA-Usp2 primer sequence； 
TCCATGTCGCAAATTAACAT GATCGGCGTAACTTGGCACT GGCGTCGTTTTACAGGAAAT 
TAGCTGGCGTTTGTAGGCAT ATTACGCTTCGCAAATTTAC AAAATTTTAACTGATATCAC 
a^si 
TGAAAAAGCATTTTTGATTT CGTAAAAGACGCTACACTAT TGCGTATCTGTACTATTGCT 
GTTTATGTTAACAGAACATC GTTATCCTACTGTTTATTTA GGATAATTTAATTTAAAATA 
5‘ end of arcA in pFS34 
GATCCTGTTCTTTGGATTCA TCACATTTATTAGTTGGCTT ACGTAACTAGTTGGAATATT 
“ 1 C87 
GCAATTTGTGATGAAAGCTA GCATT 
Fig. 6 .3 . 110m Sequence of upstream region of AU43，AU51 and AU87. 
The upstream region ofarcA was obtained by PCR walking ofarcA gene from genomic DNA of 5. typhimurium 
LT2. The above sequence in uppercase letter represent the upstream region ofAU43 clone. The upper Ilimit was 
flanked by arcAusp2 primer, which was a primer used in PCR walking. Base changes were found between 
AU51, AU42 and AU87. Any base differs from AU43 was indicated by lowercase letter. 
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A U 2， A U 3 9 and AU42 were found to be shorter arcA clones as compared 
with that in pFS34. Their sequencing ladder with M13RS-48 primer and arcAusp3 
primer of AU2, AU39 and AU42 were shown in Fig 6.3.10a-e. Due to orientation 
of inserts in pUC18, sequencing reaction with either M13RS-48 or arcAusp3 primer 
was in the same direction and the sequencing ladder was the same. The sequence of 
these shorter clones were shown in Fig. 6.3. lOf. On the other hand, AU43, AU51 
and AU87 were longer clones than pFS34. Their sequencing ladder was shown in 
(Fig. 6.3.10g-l) and the sequence was summarized in Fig. 6.3.10m. Although 
sequencing reaction of AU87 were not very good and the sequence was difficult to 
read, with reference to the sequence found in AU43 and AU51, most of the bases of 
AU87 could be identified. 
r 
6.3,11 Subcloning of arc A fragment into pFZYl and PCR check for single 
insert with appropriate orientation. 
For clones no. AU2, AU39 and AU42, which contained arcA gene shorter 
than that in pFS34, inserts were amplified with M13RS-48 primer and arcAusp2 
primer by PCR. The EcoRI and BamHI digested inserts were ligated into pFZYl and 
transformed into 5. typhimurium JR502 by heat shock transformation. On the other 
• hand, although AU87 was a longer clone, it was also amplified by M13RS-48 primer 
and arcAusp2 primer. For the other long arcA clones, no. 43 and 51, inserts were 
amplified with arcAusp2 primer by PCR. The purified inserts were digested with 
BamHI, ligated into pFZYl and transformed into JR502, The P C R products were 
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analyzed in 1.8% agarose gel and shown in Fig. 6.3.11a. Two bands with similar 
length were found in clones which amplified with M13RS-48 and arcAusp2 primers 
because one was resulted from amplification by arcAusp2 primer as the inserts were 
flanked by arcAusp2 primer sequence. The larger one was amplified by combination 
of arcAusp2 and M13RS-48 primer which hybridized outside the multiple cloning 
site. 
Colonies appeared as light blue or blue colour on LB-amp50-xgal plate as 
compared with control pFZYl and pFS34 were picked. Only AU2, AU39, AU43, 
AU51 and AU54 inserts seemed to be successfully cloned into pFZYl/JR502. 
However after P C R analysis, it was found that only AU87 was successfully cloned 
with a single insert in the appropriate orientation. Figure 6.3.11b shows the 1.8 % 
agarose gel analysis of P C R products of cloned pFZYl-AU87 with arcAusp2 primer 
and EcoRI-ext primer. A major band with estimated length of 561 kb - 630 kb was 
amplified. Figure 6.3.11c shows the 1.8 % agarose gel analysis of PCR products, 
but amplified only with arcAusp2. The length of the band was about 587 kb 一 666 
kb. When D N A template of AU87::pUC18 were used and amplified by arcAusp2 
and M13RS-48 primer, a 648 bp fragment were produced (Fig. 6.3. lid). If the arcA 
insert were subcloned into pFZYl and the recombinant plasmid were used as D N A 
template for PCR, the single insertion with the appropriate orientation would yield 
a 529 kb fragment when arcAusp2 primer and EcoRI-ext primer were used. If only 
arcAusp2 were used for P C R amplification, a 579 kb fragment would be produced. 
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Figure 6.3.11a. Agarose gel electrophoresis of P C R products with template 
D N A from the recombinant pUC18 plasmids of P C R walking clones. PC R 
walking D N A was cloned into pUC18 plasmid and transformed into JM83. 
Template D N A of recombinant plasmid was obtained by heat-lysis at 95。C for 
5 minutes. The P C R walking arcA insert was amplified with M13RS-48 and 
* 
arcAusp2 primer (Lane 1-4) or with arcAusp2 primer only (Lane 6-8). The 
P C R products were analyzed by 1.8% agarose gel electrophoresis and then 
cloned into pFZYl to analyze their promoter activities. Lane 1-4，PCR 
products from recombinant clones AU2, AU39, AU42 and AU87 respectively. 
Lane 6-8, P C R products of AU43, AU51, and AU54 respectively. Lane 5, 
D N A size marker. 
. Page 228 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 1819 
# 
Figure 6.3.11b. P C R analysis for the insert size and orientation. D N A of 
recombinant P C R walking flrc4-pFZYl clones were used as template for 
PCR. P C R was performed with primers arcAusp2 and EcoRI-ext annealing 
at 57°C. The product was analyzed with 1.8% agarose gel electrophoresis. 
Lane 1 and 17，PCR products of pFS34. Lane 2-3, AU87. Lane 4-7, AU2. 
Lane 9 and 10，AU43. Lane 11 and 12, AU51. Lane 13 and 14, AU39. 
Lane 15, AU42. Lane 16，AU54. Lane 18 and 19，pFZYl. Lane 8，DNA 
size marker. 
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Figure 6.3.11c. P C R analysis for the insert size and orientation with D N A 
template from recombinant P C R walking arcA-pFZYl clones. D N A template 
was obtained from recombinant plasmid by heat-lysis. P C R was performed 
with arcAusp2 primer annealing at 57。C. The product was analyzed with 
1.8% agarose gel electrophoresis. Lane 1 and 17，PCR products of pFS34. 
Lane 2-3, AU87. Lane 4-7, A U 2 . Lane 9 and 10，AU43. Lane 11 and 12, 
AU51. Lane 13 and 14，AU39. Lane 15, AU42. Lane 16，AU54. Lane 18， 
pFZYl. Lane 8，DNA size marker. 
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pUC18::AU87 
EcoRI BamHI BamHI 
Restriction enzyme digestion of amplified 
M13 R ^ t8arcAusp2 fragment of arcA and cloning into pFZYl 
arcAuspl 
# j T ^ ^ ^ PCR product amplified with arcAusp2 primer would 
g ‘ b e 579 kb pairs. If amplified with arcAusp3 and 
I 1 g 今 1 1 EcoRI-ext primer, it would be 529 kb pairs. 
pFZYl::AU87 
Fig. 6.3.11 d Strategy of checking for single copy of AU87 cloned into pFZYl with 
right orientation. 
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6.3.12 jS-galactosidase assay 
The promoter activities of the longer upstream arcA clones AU87 was assayed 
in both aerobic and anaerobic conditions. In additions, nitrate and glucose effect on 
arcA gene expression were studied. The jS-galactosidase activities were shown in 
Table 6.3.12a-b and Fig. 6.3.12a-b. 
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Table 6.3.12a(i). Expression of /3-galactosidase activities of klJKl-lacZ fusion in 
L A medium 
jS-galactosidase activity* 
Clones 
Aerobicb Anaerobic'' fold。 
growth growth 
pFZYl 3 5 1.5 
pFS34 57 421 7.3 
AU87 57 99 1.7 
Table 6.3.12a(ii). Expression of jS-galactosidase activities of AU87-/acZ fusion in 
L A + nitrate medium 
jS-galactosidase activity 
Clones — 
Aerobicb Anaerobic'' fold® 
growth growth 
pFZYl 3 8 2.6 
pFS34 58 401 7.0 
AU87 63 129 2.1 
»iS-galactosidase activity is expressed in Miller units (Miller, 1972) 
bLB medium with 50/ig/ml ampicillin and 10 m M nitrate was used for assay. 
induction ration of anaerobic activity to aerobic activity. 
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galactosidase assay of arcA-LacZ fusion 
in pFS34 and AU87 
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Clones 
fig. 6.3.12a 卢-galactosidase activities of pFS34 and AU87 in LB with 
50ug/ml ampillin and LB medium with ampicillin and 
lOmM nitrate. AU87 is a uspstream clones of pFS34. 
I I aerobic condition, LB-amp medium 
I / \ aerobic condition, LB-amp—nitrate medium 
• • anaerobic condition, LB-amp medium 
V//A anaerobic condition, LB—amp-nitrate medium 
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Table 6.3,12b(i). Expression of jS-galactosidase activities of AU87-/acZ fusion in 
M 9 + arabinose medium 
jS-galactosidase activity^  
Clones 
Aerobic^ Anaerobic'' fold。 
growth growth 
pFZYl 2 6 2.5 
pFS34 85 249 2.9 
A U 8 7 85 146 1.7 
Table 6.3.12b(ii). Expression of jS-galactosidase activities of AU87-/acZ fusion in 
M 9 + glucose medium 
/3-galactosidase activity* 
Clones 
Aerobic^ Anaerobic^ fold® 
growth growth 
pFZYl 3 8 3.2 
pFS34 59 788 13.3 
AU87 50 116 2.3 
"0-galactosidase activity is expressed in Miller units (Miller, 1972) 
^The test medium was M 9 minimal medium with SOjLig/ml Ampicillin and 10 m M 
glucose or arabinose as carbon source. 
i^nduction ration of anaerobic activity to aerobic activity. 
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j^—galactosidase assay of arcA — lacZ fusion 
in pFS34 and AU87 
900 p 
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Clones 
fig. 6.3.12b (8-galactosidase activities of pFS34 and AU87. Cells were grown in 
M9 medium with 50ug/ml ampicillin. Either with lOmM arabinose 
or glucose was added as carbon source. AU87 is a further upstreaam 
arcA clones than pFS34. 
I I aerobic condition, M9-amp-arabinose medium 
n ^ n aerobic condition, M9-amp-glucose medium 
anaerob ic condition, M 9 - a m p - a r a b i n o s e m e d i u m 
^ ^ anaerob ic condition, M 9 - a n i p - g l u c o s e m e d i u m 
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6.4 Discussion 
6.4.1 P C R based gene walking strategy 
A new P C R based gene walking method was designed to amplify upstream 
unknown region adjacent to the target arcA gene. This method relied on the 
hybridization of random anchor primer (sets of primers with degenerated bases at 
3，end) to a partial complementary site to generate fragments for later high stringency 
P C R amplification with specific primer. If the priming site of random anchor primer 
occurred within several thousand base pairs upstream the authentic binding site for 
arcA specific primer, arcA gene walking fragments could be amplified (Fig. 6.1c). 
In fact, this method successfully amplified arcA gene fragments from the genomic 
D N A of S, typhimurium LT2. Totally, ten clones were sequenced, they were all 
confirmed to be arcA gene sequences. The complete sequences of six clones were 
obtained. Three clones (AU2, A U 3 9 and AU42) were identical and with shorter arcA 
gene sequence as compared with that cloned into pFS34, although some point 
mutations were found in A U 2 and AU39 (Fig 6.3. lOf). Three clones (AU43, AU51, 
AU87) were also identical clones，but with longer arcA gene sequence than pFS34, 
and some point differences were found between clones (Fig. 6.3.10m). Although 
only two kinds of fragments, a short one and a long one, were identified, more than 
two kinds of arcA walking fragments might be amplified by the above P C R based 
gene walking method. It was because from P C R check for inserts of recombinant 
clones which had not been sequenced, more than two kinds of fragments were found 
(Fig. 6.3.9a-b). 
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The termini of the PCR walking fragments were checked. For the shorter 
ci^ cA clones, one end was arcAusp2 primer sequence and the other end was arcAusp2 
complementary priming sequence. The findings were reasonable because one end 
would be formed by initiation of D N A synthesis at the partial complementary 
annealing position on the opposite D N A strands to which arcAusp2 primer binded. 
The other, arcAup2 priming site, was the true complementary sequence for arcAusp2 
primer specific binding. Comparing the sequence of 5’ end of P C R walking products 
with the cloned arcA in pFS34, it was found that their 5'end was partially overlapped 
(Fig. 6.3.1 Of). The overlapped region was the 3，end of the arcAusp2 primer 
sequence. That is, 3，end of arcAsup2 primer form specific binding to the regions 
from which D N A extended. Therefore, the possible reason of successful 
amplification of upstream arcA gene with only arcAusp2 primer (refer to Section 
6.2.7) was due to arbitrary priming events that occurred in the partially homologous 
sequences located upstream of arcA gene. Although the entire priming sequence was 
only arbitrary, presence of partially of homologous sequence for the 3，end of 
arcAusp2 primer binding was an important factor in the generation of strong primer-
D N A interaction to initiating D N A extension. 
The importance of the 3，end sequence of primer was also suggested in other 
studies (Parker et. al, 1991 & Parks eL al” 1991). It was found that the nucleotide 
sequence of the primer, especially its 3，end sequence would influence the success of 
P C R gene walking. Analysis of the annealing sites of the arbitrary primer in 
successfiil amplified fragments revealed that all contained homologous sequence at the 
last 2 nucleotide positions for 3，end of the arbitrary primer binding (Parker et, al” 
1991). Therefore, not all arbitrary primers would be successful in initiating PCR 
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gene walking. The success depended on the presence of partial arbitrary binding site 
but homologous sequence for 3’ end of chosen arbitrary primers within a reasonable 
distance upstream from the known gene. A set of walking primers should be used 
for P C R walking. In this thesis, random anchor primers (delC-32R or delC-34R) 
were used to create sets of walking primers in only one P C R sample. DelC-32R 
contained six random bases at the 3，end (5'-GTA A A A C G A C G G C C A G T C C C A 
A G C T T N N N N NN-3，) and delC-34R had random bases two bases from the 3，end 
(5，-GTA A A A C G A C G G C C A G T G C C A A G C T T N N N N N N C C-3，). These two 
primers were used to generate D N A fragments by one PCR extension. The one cycle 
P C R with random anchor primers, on one hand, could generate enough potential 
D N A templates for later high stringency amplification, and on the other hand, provide 
D N A template for later specific target amplification as no D N A template would be 
flanked by arbitrary primer, which hybridize at arbitrary sequence of genomic D N A , 
at both ends. Examination of sequence of random anchor primers, delC-32R and 
delC-34R and the result of P C R walking, only the sample used delC-32R random 
anchor primer was successful in P C R walking (Fig. 6.3.4a) was verified that the 3' 
end of primer was important for gene walking. The last two bases of 3，end of delC-
34R primer was defined, it in fact provide less potential primer sequences for suitable 
arbitrary binding than delC-32R primer. 
The final P C R based gene walking used in this thesis was a little different to 
the original proposed strategy. The final PCR walking products were obtained by an 
additional P C R amplification with only arcAusp2 primer since the arcAusp2 primer 
contained BamHI restriction site and this facilitated the later cloning steps. The 
principle for the modified method might be the same as the original strategy, only that 
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arcAusp2 primer later hybridized on the partially homologous sequence at one end 
of a collection of arcA walking D N A templates (Fig. 6.1c). The partially 
homologous binding might be achieved because the P C R condition was not be 
stringency enough to allow only specific binding of arcAusp2 and also, there was 
homologous 3，primer binding sequence at upstream of arcA gene as discussed above. 
Other arcA walking fragments would be diminished after this modification and several 
major fragments would be preferably amplified. 
6.4.2 Confirmation of cloned arcA gene in pFS34 was a genuine arcA gene of 
Salmonella typhimurium 
One of the purpose of P C R walking with the use of D N A template from 
chromosomal D N A of S. typhimurium was to confirm that arcA gene in our pFS34 
was a genuine one. The primer used for fishing out arcA walking product from 
genomic D N A was arcAusp2 primer, which was a specific primer, hybridized at the 
5，upstream region of coding region of the identified arcA gene in Escherichia coli. 
Therefore, the P C R walking products generated in high stringency condition with 
arcAusp2 primer would be arcA gene from genomic D N A . The results revealed that 
the sequences of the P C R walking clones corresponded to the sequence of arcA 
in pFS34, although some point mutations occurred in some P C R walking clones. 
Therefore, our pFS34 was confirmed to be a genuine arcA clone of S. typhimurium. 
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6.4.3 Promoter activity of further upstream arcA clones - AU87::pFZYl. 
The other purpose of P C R walking was to obtain either 5，unidirectional 
deleted fragments or further upstream regions of pFS34. Although both shorter or 
longer P C R walking arcA fragments were obtained, only those longer fragment 
(AU87) was successfully cloned to pFZYl. 
The upstream clone of arcA could be used to investigate whether important 
regulatory elements were present. However, before studying its promoter activities, 
it was important to confirm that the sequence of P C R walking arcA of AU87 had no 
PCR-prone errors or mutations due to cloning and subcloning steps. Moreover, it 
was also important to ensure that a single copy of the correct insert was cloned in 
right orientation into promoterless pFZYl plasmid. 
Since the sequence of upstream region of arcA was unknown, the strategy for 
confirm the entire sequence was to compare sequences of more P C R walking clones. 
The sequence of three upstream clones were determined. With reference to Fig. 
6.3.10m, the sequence of AU87 was identical with AU43 with only one base 
difference located within the pFS34 sequence. It was not sure which clones was a 
mutated one and sequence of more clones would be required to confirm that point. 
However, even mutation occurred in AU87, if the base change was at an insignificant 
region, the promoter activity of AU87 was still unaffected. 
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P C R was used to check for the single insertion of AU87 with the correct 
orientation in pFZYl plasmid. Refer to the Fig. 6.3.lid, if AU87 was inserted in 
a opposite orientation, no fragment would be produced by P C R with EcoRI-ext and 
arcAusp3 primer. In fact, a fragment with a length of about 561 kb - 630 kb was 
found in P C R products resulted from 3jnplific3.tion with EcoRI-ext primer and 
arcAusp3 primer. On the other hand, if concatamers occurred, one fragment of a 
multiple of the expected size (579 kb) or more than one fragments would be produced 
if amplify with only arcAusp2 primer. For AU87 recombinant template, a fragment 
(587 kb - 666 kb) similar to the expected length (579kb) was found. Therefore, all 
P C R fragments from recombinant AU87 amplified with different combination of 
primers was similar to the expected length (Fig 6.3.lid). Single copy of AU87 was 
probably cloned into pFZYl with correct orientation. However, the possibility of 
having small fragment of about 50bp inserted before cloned AU87 still exists. It was 
because an unsuitable restriction enzyme EcoRI and BamHI was chosen in cloning. 
A duplicate fragment produced by EcoRI and BamHI digestion (Fig. 6.3.lid) could 
be inserted in front of AU87. If that occurred, the P C R product amplified with 
EcoRI-ext and arcAusp3 primer would be 50bp larger than the expected length. The 
fragment produced by EcoRI-ext and arcAusp3 primer was a little greater than the 
expected one (529 kb). However, even small fragment insertion occurred, the 
frontline insertion might not interrupt the promoter activity of AU87. 
Aerobic and anaerobic promoter activities of AU87 were studied. The results 
showed that the anaerobic activity of AU87 strikingly decreased as compared with 
pFS34. It was probably that further upstream region of AU87 included a regulatory 
element for autoregulation of arcA expression, as negative autoregulation was found 
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in arcA E. coli, (Park et, al.，1992). However, further investigation was required to 
determine whether the difference in anaerobic activity was due to presence of 
autoregulatory element or mutation in AU87. 
On the other hand, same result was found in the study of nitrate effect of arcA 
expression in pFS34 and AU87. Both aerobic and anaerobic expression of arcA was 
unaffected by nitrate (Park et. al•，1992; Wong, 1991; this study). Glucose effect 
was also studied. However, in the control, arabinose might not be a suitable 
fermentative carbon source for JR502, the bacterial cells grew very slowly in 
anaerobic condition. The jS-galactodiase activity of anaerobic condition might not be 
accurate due to the effect of the stage of cell culture (Giacomini, 1992). However, 
one prominent change was noticed. The addition of glucose to culture medium 
decreased both aerobic and anaerobic expression of AU87 as compared with that in 
pFS34. Even autoregulation occurred in AU87, its anaerobic expression was still 
repressed slightly by addition of glucose because the ratio of anaerobic activity of 
pFS34 to AU87 was 4.3 in LB medium, but 6.8 in M 9 + glucose medium. Whether 
glucose was directly affected the expression of AU87 or it only exerted its effect 
indirectly through other physiological factors, for instance, change the osmolality of 
medium, requires further investigated (Gouesbet et al., 1993). No C A P putative 
binding sites were found in AU87. 




The objective of this experiment was to analyse the regulatory mechanism of 
arcA gene expression. The regulation of arck gene was worth studying because arcA 
gene was found to play a very important regulatory role during shifting between 
different respiratory modes or fermentative pathways in faculatative bacteria (luchi 
and Lin, 1988; Sawers and Suppmann, 1992). With an understanding of the 
regulation of arcA expression, the global regulatory networks for on energy 
generation may become clear. 
The arcA gene used in this study was a 0.56 kb gene fragment cloned from 
Salmonella typhimurium, containing the 5' end coding region of ArcA protein (Drury, 
1985) and an upstream non-coding region (fig. 1.7a) It was cloned into a 
promoterless pFZYl plasmid (Wong, 1990) and the recombinant plasmid was named 
pFS34. Beside this pFS34 plasmid, another clone, AU87 containing 210 bp further 
upstream from the 5，end ofpFS34 was also used in analysing the regulatory elements 
in arcA expression. This AU87 clone was obtained by P C R walking from genomic 
S. typhimurium LT2 in this study (Chapter 6). 
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From the jS-galactosidase assay of the arcA-lacZ fusion in the recombinant 
plasmids, the transcription of arcA was found to be affected by oxygen level, but 
unaffected by nitrate. Expression of arcA in pFS34 was induced 8-fold in 
anaerobiosis (Chapter 4 & Chapter 6). However, anaeorbic expression of arcA in 
AU87 was similar to its aerobic expression (Chapter 6). If AU87 was a geniune 
upstream clones of pFS34 or arcA, one possible explanation for the different 
regulation patterns may due to the presence of autoregulatory element in the upstream 
region, that is excluded in the pFS34, and the arcA expression was negatively 
autoregulated. Addition of nitrate to culture medium did not affect expression of 
pFS34 and AU87. On the other hand, the effect of glucose was unclear. pFS34 
expression was seemed to be activated by glucose, but anaerobic expression of AU87 
seemed to be negatively regulated by glucose (Chapter 7). Whether glucose exerts 
its. effect directly through C A P binding on upstream region in AU87, or it affects 
other physiological factors that in turns indirectly affects expression of arcA in AU87 
is unknown as no putative C A P binding consensus was found in AU87. 
From primer extension experiments, transcriptional start points ofpFS34 were 
located (Chapter 3). Interestingly, two distinct transcriptional start points were found 
in aerobic and anaerobic condition respectively (fig. 3.3.2c, 3.3.2d). This 
observation led me to suggest that selective regulatory mechanisms operates in 
response to the level of oxygen. The transcriptional activation of anaerobiosis on 
arcA can be contributed to a switching from a weaker aerobic promoter to a stronger 
anaerobic promoter in anaerobic condition. Examination of putative a factor 
recognition sites revealed that arcA promoter is probably sigma 70 dependent. The 
-10 regions of arcA promoters, especially the aerobic promoter was similar to the -10 
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consensus sequence. On the other hand, the -35 regions were only 50% homologous 
to -35 consensus. Having a -35 region deviating much from the consensus implies 
that other regulatory elements are needed to enhance the function of the -35 region 
to initiate transcription. 
/ 
Several putative consensus sequences of other regulators was found in pFS34. 
These sequences and their degree of homology to the consensus sequneces are shown 
in Fig. 7.1a. T w o putative A S E elements could be assigned at the proximal region 
of the anaerobic transcriptional start point. ASE (anaerobic sense) element was 
deduced by comparing 14 known anaerobiosis inducible genes and 4 unidentified 
anaeorbiosis promoters (Wong, 1991). Overlapping with the remote A S E element it 
was found Fnr consensus binding site. These binding sites overlap the aerobic 
tr如scriptional start point. Further upstream of the Fnr binding site, pFS34 have 
sequence homologous to the IHF extended binding consensus. The core of the 
putative IHF binding site is 92% identical to the putative core IHF consensus, IHF 
is a D N A binding protein and is involved in the regulation of many E. coli operons 
(reviewed by Friedman, 1988; Freundlich et al., 1992). Beside these putative D N A 
binding sequences, the upstream region of the putative sequence in pFS34 may be 
instrinsically curved since many A T tracts were located around the putative center of 
curvature as clusters of A tracts or T tracts would bend D N A intrinsically (reviewed 
in Crother et al, 1990). 
Although the function of the putative consensus sequences are not fully 
clarified, from in vitro chemical mutagenesis study, changes of bases away from some 
consensus affects the arcA promoter activity (Chapter 4; fig. 7.1a). A prominent 
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increase of aerobic activity of arcA was found in a mutated clone #221, which carries 
a mutation in the Fnr binding consensus sequence, which coincides with the aerobic 
transcriptional start point. One reason for this change may be that Fnr compete with 
R N A polymerase binding at the aerobic transcriptional start point. Fnr, which was 
is activated anaerobically, may inhibit transcription of arcA from the aerobic promoter 
in anaerobic condition. Another clone, #115，which carries double-point mutation 
with one base change occured at the putative IHF core binding site, changes the core 
binding site away from consensus and decreases the anaerobic activity for 40%, but 
slightly increases aerobic activity for 8% (fig. 7.1a). Because of the location of the 
putative binding site, I speculate that IHF inhibits transcription from the aerobic 
promoter as the binding would occlude the -10 and -35 region of aerobic promoter. 
On the other hand, binding of IHF may enhance transcription from the anaerobic 
promoter through enhancing the intrinsic bend of D N A to activate a remote 
regulation. If IHF is a regulator on anaerobic inducible arc A, it may preferably bind 
to the putative binding site in anaerobic condition, by which transcription from 
aerobic promoter is inhibited, but transcription of anaerobic promoter is activated. 
Effect of IHF on arcA expression was studied with himA and himD mutant 
(Chapter 5). The aerobic expression of arcA is unaffected by IHF mutation. 
However, anaerobic expression of arcA is derepressed slightly by himA and himD 
mutation. Although IHF seems to negatively regulate the anaerobic expression of 
arcA，the effect might be indirect. As IHF is so pleiotropic, it may affect other 
physiological factor which in turn affect the expression of arcA. On the other hand, 
IHF may enhance anaerobic arcA expression through D N A bending. 
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Fig. 7.1a Summary of putative regulatory elements, aerobic and anaerobic transcriptional 
start point, base changes in the chemical mutated clones . 
Page 248 
7.2 Prosposed model of regulation of arcA in Salmonella typhimurium 
The following figure 7.2a is a model of arcA regulation. Two different 
regulatory mechansims occur in aerobic and anaerobic expression of arc A. In both 
cases, remote activation is required, probably through the enhanced intrinsic bending 
of arcA by D N A binding proteins which bind at the center of a D N A curvature. The 
selective activation of different promoters at different conditions would be due to 
different affinity binding of two proteins, IHF and HNS. The binding of these two 
proteins would affect the degree of D N A curvature which facilitates different remote 
activators to enhance the initiation of transcription from different promoters. IHF is 
suggested to bind preferentially in anaerobic condition. The preferential binding of 
IHF may be due to the presence of a favourable topological state which is induced 
anaerobically. This binding of IHF in anaerobiosis would simultaneously inhibit the 
transcription from the aerobic promoter as it occludes the critical region of aerobic 
promoter. On the other hand, the complete repression of aerobic transcription in 
anaerobic state may also attributed to the Fnr binding to the -10 region of aerobic 
promoter as Fnr is activated during anaerobiosis. For the transcription from aerobic 
promoter in aerobic condition, the unfavorable binding of IHF exposes the center of 
D N A curvature for other proteins to bind. HNS, which bind to curved D N A 
preferentially, would bind to this site. H N S may enhance the intrinsic curvature to 
proper orientation for remote activator to interact with R N A polymerase. On the 
other hand, the transcription from anaerobic promoter is repressed sharply in aerobic 
condition. The repression may be due to lack of IHF mediated activation or the 
unfavorable binding of other unidentified activators. The expression of arcA may 
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Figure 7.2a. Proposed models of aerobic and anaerobic activation of arcA in pFS34. 
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subject to negative autoregulation when ArcA protein accumulate to certain extent 
during anaerobiosis. ArcA protein may bind to further upstream region and the 
binding will hinder the activation mechanism of arcA, 
7,3 Further suggestion 
The validity of the model require further confimation, especially on the 
involvement of two D N A binding proteins, IHF and HNS. In the study of the effect 
of fflF, only jS-galactosidase acitvity of arcA-lacZ fusion in IHF mutant were 
investigated。 As apparent evidences of IHF effect were found, such as the 
derepression effect of IHF mutation on anaerobic expression of arcA and the presence 
of nearly identical core fflF consensus sequence in arc A, it is worth pursuing 
whether IHF directly regulates on arcA expression. As regulatory effect of IHF may 
be through specific binding at putative consensus sequence, further confirmation of 
IHF involvement can be done by D N A I foot printing, gel retardation assay or site 
directed mutagenesis of IHF core consensus sequence to define the crucial nucleotide 
for IHF action. On the other hand, other indirect confirmational test, for instance, 
primer extension reaciton, can be used to prove the models. If the above model is 
valid, in IHF mutant, the transcription from anaerobic promoter will be diminished 
in anaerobic state. On the contrary, the removal of IHF repression on the aerobic 
promoter will enhance transcription from aerobic promoter that only the aerobic 
transcript will be found in both aerobic and anaerobic condition. For the H N S 
mutant, without H N S mediated activation, the aerobic transcirpt will be absent even 
in aerobic condition. 
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Beside IHF and H N S , it is important to investigate the roles of other 
regulatory elements in the regulation of expression of arcA. Although several 
putative consensus were identified, no regulatory elements or regulators were 
confirmed in the regulation of arcA expression. It was difficult to test all possible 
regulators on expression of arcA, even that some might be novel regulators. One 
economic way is to examine more in vitro mutated clones especially for those causing 
subtle changes either in aerobic or anaeorbic activities. On the other hand, we can 
further examined the putative consensus sequences, for instance, Fnr consensus which 
is likely involved in the repression of aerobic transcription in the anaerobic state. 
Many strategies can be used for this purpose such as site directed mutagenesis, study 
of mutation of fnr on arcA expression. Beside concentrating on arcA gene in pFS34, 
the possibilty of having some other important regulatory elements on further upstream 
regions cannot be excluded. For instance, autoregulatory element was highly 
probably located at upstream regions since in AU87, a longer clone, whose anaerobic 
activity is similar to its aerobic activity. Negative autoregulation is found in arcA 
expression of E. coli. (Park, 1992). Although we cannot definitely conclude that 
same control mechanism would exist between arcA in R coli. and S typhimurium, 
similar regulatory mechanism is expected in these two closely related enteric bacteria. 
Moreover, it is also resonable to have negative feedback mechanism to eliminate 
unnecessary expression of arcA. 
In order to examine upstream regulatory elements, one important thing is to 
obtain geniune arcA upstream clones which has no mutation in it. Since several 
clones, which might have different length of arcA fragments, were obtained in PCR 
walking experiment, we can analyse more upstream or deleted clones，sequence and 
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subclone into pFZYl to anlayse the promoter activities. 
Glucose effect on arcA expression is uncertain. In AU87, the anaerobic 
expression is repressed by glucose. However, it is suspected that the glucose effect 
is only an indirect one, perhaps it influences the osmolality of medium as increased 
concentration of glucose decreases the anaerobic expression of arcA (data not shown). 
Perhaps there is interaction of the osmotic regulatory network with the arcA 
regulatory network. 
- • •• ‘ 
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